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previous technique of increasing capacity 
by raising hydrogen pressure could no 
longer be used. 

Then the technique of inner cooling of 
generator windings was developed. The 
benefits derived make it possible approxi- 
mately to double the amount of load that 
can be carried by a given machine. This, 
coupled with other recent developments, 
such as Thermalastic insulation and a 
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The Cover—To a greater degree than in 
most devices, the success of a practical 
semiconductor rectifier depends upon the 
precision with which the constituent ma- 
terials are prepared. For example, the 
new germanium Semitron rectifier, shown 
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Located inside a large win- 
dowless building at the Na- 
tional Reactor Testing Station 
in the Idaho desert is this pro- 
totype of the nuclear power 
plant for the U.S.S. Naatilus. 
The above view through 
the door of the building 
shows the hull section, and 
the sea tank; on the near end 


of the hull is the water brake, 


which absorbs power devel- 
oped by the Mark I. At left 


is a model of the submarine 


hull section and the sea tank. 
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Nuclear physics was once a topic discussed only in the class- 


room or research laboratory. Fission, fusion, mass number, 
chain reaction—these were strange words to all but scientists. 
But with the advent of the atom bomb, and now a nuclear 
power plant, nuclear physics has become a significant subject 
to the whole technical world. Fortunately, a “speaking acquaint- 





HE ATOMIC BOMB, among other things, catapulted 

Einstein’s mass-energy relationship into the engineer’s 
world. All of the accustomed heat reactions are of the chem- 
ical type, characterized by the interplay of electrons in the 
outer orbits of combining and disassociating atoms, with the 
nuclei of these atoms remaining aloof. Now comes a vastly 
different sort of reaction, with a heat release greater by a 
million times. In this the atomic nucleus is involved —and 
with it all phases of engineering. 

Nuclear reactions, which deal with changes in the atomic 
nucleus itself, have many of the same characteristics as 
chemical reactions, which involve changes in the outermost 
of the electrons that revolve planet-like about the nucleus. In 
fact, nuclear reactions are written much the same as chem- 
ical reactions, except that the symbols for elements or com- 
pounds are replaced by those for nuclei or subatomic parti- 
cles. For example, compare the following two reactions, the 
first being the common chemical reaction of combustion, and 
the second a nuclear step in the sequence that describes the 
origin of solar energy: 

C+0.+ CO» (1) 
N+ HM > oC? + Het (2) 

The first reaction states that one atom of carbon (coal 
unites with two atoms of oxygen to form one molecule of 
carbon dioxide. The subscripts indicate the relative number 
of atoms taking part in the reaction. 

The second reaction states that a nitrogen nucleus bom 
barded by a proton (hydrogen nucleus) absorbs the proton 
and emits an alpha-particle (helium nucleus), thereby form 
ing a carbon nucleus (see Fig. 1). Here a subscript denotes 
the number of protons in the nucleus and, since the atom is 
a neutral entity, it also indicates the number of orbital elec 
trons. The number of electrons determines the atom’s chem 
ical properties; atoms with the same chemical properties are 
grouped into elements. Therefore, the number of protons in 
the nucleus of an element specifies the element and indicates 
its position in the periodic table of the elements. This number 
is termed the a/omic number of the element. A superscript 
indicates the total number of protons and neutrons in the 
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nucleus. Since protons and neutrons account for nearly all 
the weight of an atom and the weight of both is close to 
unity, the superscript is the integer nearest the atomic 
weight. This integer is called the mass number. The terms 
atomic number and mass number are illustrated in Fig. 2 

Nuclear reactions are, however, frequently written’ in 
another manner; for example, reaction (2) can be written in 
the following shorthand form: 

N"(p,a)C? (3) 
Reactions (2) and (3) are identical; the information is merely 
conveyed in a different manner. Note that the subscript has 
been dropped; it merely specifies the element, and imparts 
no information not given by the letter symbol for the ele 
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Proton 





Nitrogen 


Fig. 1 


Proton bombardment of a nitrogen nucleus causes 


P . Carbon 
release of an alpha particle, thus forming carbon. 


ment. The incident projectile and the ejected lightweight 
particle are grouped together in parentheses: p denotes the 
incident proton and a@ the ejected alpha-particle. The part 
in parentheses (p,q) is ordinarily used to describe reactions of 
this same general type, which would be spoken of as a proton, 
alpha-particle reaction or simply as a p, @ reaction 
Other symbols used in parentheses to describe nuclear re 

actions are for other atom-smashing projectiles and for other 
emitted particles. These include the neutron, designated by 
hich is a combined proton 


n; the deuteron, designated by d 
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und neutron forming the nucleus of one type of hydrogen 
/7*); and the gamma-ray (or photon), designated by 
Some of the other reactions are (n,p), (n,a), (n,2n), (n,7), 
(p.m), (p,d), (d,p), (dn), (d,a), (a,p), (an), (anp), (y,n) and 
y,a). In the (n,2n) reaction, the 2n indicates that two 
neutrons are ejected, and in the (a,np) reaction the np in 
dicates that both a neutron and a proton are emitted. 


Energy in Chemical Reactions 


All energy used industrially comes either from the work 
done by falling water or from the combustion of fuels, prin 


: a Neutrons —»> Mass Number «15 
7N 
ba 

wr Atomic Number =7 


7 Electrons——~ Electrically Neutral 
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Fig. 2 


This pictorial representation of a nitrogen atom illustrates 
the meaning and relationship of atomic and mass numbers. 


cipally coal and petroleum products. In the combustion of 


coal, carbon atoms combine with oxygen of the air to form 
carbon dioxide, with release of energy. The chief characteris 
tic of ordinary combustion is that atoms involved in the 
process are not changed intrinsically. The carbon atom from 
coal is still a carbon atom in the CO, of the flue gas. The 
energy made available is chemical energy. In a chemical re 
action, atoms of the same kind are present both before and 
after the reaction takes place. 

Physicists express the energy released by nuclear reactions 
in terms of electron volts per atom transformed, an electron 
volt being the work done on an electron when it moves 
through a potential drop of one volt. An electron volt is 
1.60 * 10-"* watt-second and is therefore a definite amount 
of energy, just as is a foot-pound of ordinary mechanical work. 
Chemists usually express energies of reaction in calories per 
mole of material transformed. (A mole is an amount in 
grams equal to the molecular weight of the substance in 
question and always contains 6.02 X 10” molecules of the 
substance.) The heat of formation of CO, is about 94 000 
calories per mole, that is, for formation of 6.02 K 10” mole 
cules of carbon dioxide. Because one calorie is 4.18 watt 
seconds, the energy release accompanying the formation of 
one molecule of COsz is: 

94 000 cal 1 mol _ 4.18 watt-sec . 
1 mole * 6.02 * 10% molecules 1 cal 
lev 


1.600 107 '* watt-see 


1.1 electron volts 


lo form a kilowatthour of energy by burning coal requires 
about one-fourth pound at 100-percent efficiency of conver 


sion from heat to electrical energy 
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Energy in Nuclear ‘teactions 

In some chemical reactions, the addition of heat or energy 
is required before the reaction will proceed, while in others, 
such as combustion, energy is liberated. Precisely the same 
condition exists in nuclear reactions, and the terms endo- 
thermic and exothermic are similarly used to indicate whether 
energy is required or given off in the process. Like chemical 
equations, nuclear equations are more accurately represented 
by including a term Q to represent the energy of reaction, or 
“energy balance.” Consequently, equation (2) should be 
written: 

N+, H! > (C+ .He+O (5) 
When the energy balance or Q value is positive, energy is 
emitted, i.e., the reaction is exothermic. When the energy 
balance is negative, energy is absorbed and the process is 
endothermic. 

The magnitude of the energy balance is easy to compute if 
the masses of the reacting nuclei or atoms containing these 
nuclei are known. Consider, for example, the nuclear reaction 
caused by the bombardment of the metal beryllium (,Be’) 
with deuterons (,//*) accelerated in an atom smasher. In this 
reaction, the element boron is created and neutrons are 
emitted. This process, and the mass of each particle involved 
are as follows: 

»Be® +H? > 5B" +on'+O 
9,01510+4-2.01472 - 10.01617+ 1.00898 +0 (6) 
11.02982 + 11.02515+0 

The masses are measured in amu (atomic mass units), one 
unit of which is equal to one sixteenth the mass of one atom 
of oxygen (s0'*). The sum of the masses of nuclei on the left 
side of the equation is greater than that on the right side by 
the energy balance of 0.00467 amu. Using Einstein’s mass- 
energy equivalence expression (E=mc*), it can be shown 
that one amu is equal to 932 mev, where mev stands for a 
million electron volts, a very small unit of energy equal to 
1.44  10°* kilowatthours. From this relationship, the 
energy balance can be expressed as: 

932 mev 


4.35 mev 
1 amu 


QO = 0.00467 amu X 


The Fission Reaction 

Uranium is the heaviest atom occurring in nature. The 
nucleus of uranium contains 92 protons and is surrounded by 
92 orbital electrons. One kind (i.e., isotope) of uranium 
nucleus, l’*, contains 143 neutrons in addition to the 92 
protons, giving it an atomic weight of 235. Another and pre- 
dominating isotope, U’*, contains 146 neutrons, raising the 
atomic weight to 238. When a neutron strikes a U*® nucleus 
in the right way, the nucleus breaks into two nearly equal 
fragments with great release of energy. Great as this energy 
is, it is no more, weight for weight, than many other nuclear 
reactions such as the (d,n) reaction (equation 6) that forms 
boron from beryllium. Actually, experimental measurements 
show that about 200 mev of energy is released. This is equiva- 
lent to 3.2 * 10~'' watt-seconds. To release a kilowatthour of 
energy requires the fissioning of 1.12 & 10" atoms. Even 
though a hundred million billion atoms seem like quite a few, 
they weigh only 0.000044 gram (0.000000 1 pound) and would 
be a speck of matter only six-thousandths inch in diameter. 
lo generate the same kilowatthour of energy (at 100-percent 
efficiency) requires about one-fourth pound of coal. Thus 
nuclear energy is basically 0.25/0.0000001 or 2.5 million 
times more effective on a weight basis. Therein lies the im- 
portance of nuclear energy. Although there are many more 
tons of coal than uranium available in the earth’s crust, one 
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two-and-one-half millionth as many tons of uranium would 
do the same work. Of importance also is the saving in storage 
capacity and fueling time in the use of uranium as a fuel. 


The Conversion of Matter into Energy 


In all the reactions mentioned, whether nuclear or chemical, 
only a fraction of the matter present is transformed into 
available energy. In the case of the nuclear fusion of hydrogen 
into helium (as in the hydrogen bomb) this is nearly one 
percent, some ten times as good as in nuclear fission, but the 
conversion is still not complete. The sun does just this by 
converting hydrogen nuclei into helium nuclei, probably as 
follows: 


oC? +H! > «C+ 416° (7) 
oC 8+ ,H' > ,N™ (8) 
N44 ,H! > N+ 516° (9) 
7N+ ,H! > 6C?+ Het (10) 


Notice that although carbon enters into the reaction it is not 
destroyed; it acts somewhat as a catalyst. The net result of 
the multi-step reaction is that four hydrogen nuclei have been 
merged into one of helium. (In the process, two of the protons 
are converted into neutrons.) In fact, both in this fusion re- 
action and in the fission of uranium and plutonium the total 
number of protons and neutrons is not altered. The number 
of material particles is not changed; they are simply rear- 
ranged into a more stable form. The bonus derived as heat 
energy is related to the difference in stability between the 
original and the end substances. Or looking at the problem 
in a different way, the mass of the final substances is slightly 
less than that of the original substances, the difference being 
changed into another form of energy. 

In the first and third of the hydrogen-to-helium nuclear 
solar reactions, an electron having a positive charge, 4,e°, is 
produced. These positive electrons, usually called positrons, 
have the same mass as an ordinary negative electron but 
exist only briefly. Upon collision with a negative electron 
they combine with it and produce x-rays, which are electro- 
magnetic or light waves having an extremely short wave- 
length. In this process, two material particles—a positron 
and an electron—combine to produce radiant energy. Their 
mass disappears entirely. Thus, in truth, the conversion of 
ponderable matter to energy is complete. 

The reverse process, i.e., matter created from energy, has 
also been observed. In fact, positrons were first discovered in 
this way. The hardest (i.e., shortest wavelength) x-rays pro- 
duced in an x-ray tube operating at more than one million 
volts produce positron-electron pairs when they pass close to 
nuclei. The excess energy above the threshold value is con- 
verted into the kinetic energy of motion of the pair. The 
positrons thus formed are, as pointed out, short-lived. They 
recombine with electrons, the mass of both disappearing in 
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Name Symbol Mass (approz.) Charge 
Electron or -1 
Neutron on’ 1.0 i) 


p or ,H! 1,0 +1 


nucleus=2n+2p D or Ht” 2.0 +1 
Positron a 0 +1 
Alpha particle 

(helium nucleus) a or ,He‘ 4 +2 
Gamma ray 7 0 0 
Meson 0-0.3t +1ier0 
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NUCLEAR PHYSIC 





favor of radiant energy, this time of longer wavelength than 
that which initiated the process. The process, in short, in 
volves a change in frequency of electromagnetic energy. 

It is not too much to expect that other and much larger 
material particles—such as negative protons—can be gener- 
ated and annihilated in a similar fashion and that these 
processes will be observed soon. The fundamental building 
blocks of ordinary matter, protons and neutrons, cannot be 
created from energy until acceleration energies of the order 
of ten billion electron volts are available for the conversion. 
Thus, before x-rays could be used to generate neutrons or 
protons, it would be necessary to obtain x-rays of the hard 
ness that would be produced in a particle accelerator that 
operates at about ten billion volts. While this seems large, it 
is only twice the highest voltages attained so far. The 3- 
billion-electron-volt (bev) cosmotron at the Brookhaven 
National Laboratory and the 6-bev bevatron at the Univer 
sity of California are both now in operation. Some cosmi 
rays have much more than this amount of energy available 
for inducing reactions. Possibly the first generation of protons 
and neutrons will be observed by studying the reactions 
induced by cosmic rays 


Energy from Fission 


The natural 92 elements, arranged in the periodic table, 
extend from the lightest material, hydrogen, to the heaviest, 
uranium. Each atom of any element consists of a nucleus 
surrounded by electrons. The nucleus is composed of protons 
and neutrons, probably cemented together by a mysterious 
partic le called a meson. The lighter elements, such as hydro 
gen and lithium, are bound together less tightly than those 
in the middle of the periodic table, such as iron and nickel 
Similarly, the nuclei of heavy elements like uranium and 
thorium are also less tightly bound and are consequently less 
stable than iron and nickel. In terms of mass, this bears out 
the fact that when a heavy element such as uranium splits, 
the weight of the two pieces is less than that of the original 
atom; similarly, if two very light nuclei are assembled to 
form a nucleus of intermediate mass, the weight of the re 
sultant nucleus is less than that of the two original nuclei 
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mes« 4 Mass approx When a neutron causes fission 
of uranium 235, a typical reac- 
tion produces barium, krypton, 
two neutrons, plus an energy 
loss of mass. 
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The difference in each case appears as energy. 
Phis energy is enormous, even though in the proc- 
ess of fission of uranium only one part in 1000 (1/10 
percent) of the mass is transformed into energy. In 
the fusion of atomic nuclei or in the fission of urani 
um, the possibility exists of obtaining enormous 
amounts of energy. This possibility is difficult to 
realize in practice. Energy by way of fission is possi 
ble only because of certain unusual properties. of 
uranium 
When a uranium atom separates into two frag 
ments through fission (Fig. 3), the two parts rush 
apart with enormous speed (which means they have 
high energy), since they bear charges of the same 
sign due to the positively charged protons in the 
nuclei, A typical fission reaction is: 
yy 2+ on! > 5¢Ba'™ + sek r" + 2on' +O (11) 
rhe energy release 0 can be calculated from the 
difference in masses of the various nuclei on the two 
sides of the equation Fhus, the masses of 9. and 
the projectile neutron ot! are 235.1156 and 1.0090, 
respectively, for a total of 236.1246 amu. The masses 
of the products, barium (s,8a'”), krypton (s6Ar), 
and two neutrons are 136.9514, 96.9520, and 2.0180 
amu, respectively, for a total of 235.9214 amu. The 


difference in mass before and after fission is 0.2032 





amu less, or, in energy, 190 mev. Actually, such cal 





Neutron / 23 Minutes 


from Reactor 


7 
Cctiies oe : 
Fuel Fissionable 


? R i 
a <eactors by Slow Neutron 


Phe neutrons in a reactor can cause fission in order to perpetu- 
be used to manufacture, from fer ate the chain reaction, leaving 
tile materials, certain other nu only 1.5 neutrons to generate new 
clei that fission with slow neu materials and to take care of the 
tro! These artificially produced losses of neutrons due to leakage 
fuels can either be removed from and capture. If a reactor is re 
the reactor and used as fuel for quired to make as much fission 
other reactors, or “burned” in able material as it consumes, one 
place as a way of augmenting the of the remaining 1.5 neutrons 
lifetime of the reactor. The fission must always be used to generate 
proce emits about 2.5 neutrons new fuel, leaving only 0.5 neu 
on the average; one is required to tron for leakage and capture by 





culations are not very accurate and the true value 
may be somewhat different. Other fission reactions 
are also possible, giving fission products ranging 
from zine to gadolinium, covering a span of 35 ele 
ments and 200 isotopes 
The energy available from the fission process 
manifests itself through electrical charges pushing 
the two fragments apart, and is equal to the available mass 


energy (190 mev) just calculated. Since the charge of the 


barium fragment is 56 and the krypton fragment 36, only the 
distance separating them is needed to calculate the energy 
available. The radius R of nuclei is given approximately by 
the empirical equation: 

R=(1.5X10-") A'/3 cm (12) 
where 4 is the mass number (total number of protons and 
neutrons). So, for the two fission fragments, the radii are: 

Rer=1.5* 10°" «975 em =6.9K 10 8 cm (13) 

Rpa= 1.5% 10°" 137/38 em = 7.7 K 107" cm (14 
\t the instant of fission the new-born nuclei are separated by 
the sum of the two radii, which is 14.6 & 10 
electrical energy for pushing the two nuclei apart can be 


13 


cm. The 


obtained from a Coulomb equation: 
Kad 15 
’ 
where g; and g, are the charges of the two nuclei and r ts 
their separation. It follows that: 
} 36(4.8& 10°") & 5614.8 & 10 320% 10-* ergs 
14.6107! 
where 36 and 56 are the number of protons in the krypton 
and barium nuclei, respectively. The factor 4.8 & 10°" is 


used to convert the charge of the proton to electrostath 


(16 


units. This energy can. be expressed as: 
: I mev 17 
20K 10" . 200 mev (id 
16x10 ergs 
Phe values of the nuclear radii calculated above are not 
particularly accurate, but the value for E obtained from the 
Coulomb calculation is in satisfactory agreement with the 


calculation from mass considerations of equation (11). Thus 


100 


the mass energy released in fission is manifested through the 
electrical repulsion of the fission fragments and appears as 
kinetic energy of these particles, which becomes heat energy 
is the fission products tear their way through the surround- 


ing material and are slowed down. 


Fission Chain Reaction 


The essential thing about uranium fission that makes a 
chain reaction possible is that the uranium atoms split in 
such a way as to liberate several free neutrons, about 2% on 
the average. This neutron liberation makes a self-maintain- 
ing process possible. The splitting requires a neutron to make 
it “go,” and the splitting process itself acts as a source of 
neutrons that can cause more uranium atoms to split. Here 
is the basis of a self-maintaining process, technically known 
as a chain reaction. This can be compared to ordinary com- 
bustion, which is a type of chain reaction wherein temper- 
ature plays the same part as the neutrons do in a reactor. 

Why then does not ordinary uranium explode or at least 
“burn nuclearly’? There are complications. Theoretically, 
because several neutrons are released in every fission, a chain 
reaction is possible. The determining factor is what happens 
to those product neutrons. One of the 2!4 neutrons released 
must actually produce another fission to keep the process 
going. Otherwise the nuclear “‘fire”’ goes out. 

If all the neutrons released produced more fissions imme- 
diately, the material would explode violently. But because 
neutrons move rather freely through matter (like x-rays) 
many are lost by escaping through the surface of the lump of 
uranium. Remedy: use a big enough lump to get a sufficiently 
small surface-to-volume ratio. In other words, unless the 
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nonfission processes, The breeder 
reactor therefore places a great 
premium on neutron economy 
Emphasis must be placed on (1) 
keeping as many of the generated 


greatly reduced for their capture 
by nontission processes. 

When a reactor produces more 
than one new fissionable nucleus 
for each one destroved, it is said 


of neutrons to the reactor struc 
tural materials and to nonfission 
capture. Item (1) is assisted by 
careful reactor design and (2) by verler. The nuclear processes 
fuel generation may be the same 
for the breeder and for the con 
verter. Two fuel-producing reac 


selection of materials of low neu 
tron cross section and by elevat- 
ing the neutron energy to higher 
values where the cross section is 


from Reactor 


neutrons as possible within the to be a breeder. If the fuel pro 
reactor and (2) reducing the loss duced is not greater than that 
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lump of fissionable material exceeds a certain critical size the 
chain reaction cannot proceed. 

Another complication is that impurities in the uranium are 
powerful absorbers of neutrons. They steal away some of the 
neutrons essential to continuation of the process. This is 
difficult to remedy, because appreciable losses or ‘‘poison- 
ing’’ result from the presence of only one part per million of 
certain impurities, and it is no easy matter to manufacture 
anything of the required purity on an industrial scale. 

The most serious complication of all is that uranium itself 
absorbs neutrons in other ways than those that result in 
fission. This phenomenon was both a blessing and a curse to 
the aims of the military project. It turns out that the overall 
effect of this nonfission absorption of neutrons by uranium 
is sufficiently great to prevent a chain reaction in perfectly 
pure natural uranium, even in so large a lump that escape of 
neutrons through the surface is negligible 

Neutrons given out in fission are “‘fast,’’ 1.e., have speeds 
of about 10000 miles per second, corresponding to several 
million electron volts of kinetic energy. Such fast neutrons 
colliding with uranium atoms have a rather great chance of 
losing some of their energy without either being caught or 
producing fission. 

Neutrons of intermediate speed produced this way are 
unable to produce fission in *. They can do so only in 
U%, which forms only 1/140th part of natural uranium. 
Neutrons of a particular low energy (about ten electron volts) 
are very likely to be captured by l* to form L™*. This is 
very important in reactor design. More on this later. This 
happens readily, and so many neutrons are used up this way 
that a chain reaction cannot be maintained in pure ordinary 
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used and the reactor uses the gen 
erated fuel to augment its life 
time, the reactor is called a con 


tions are shown below and at left. 





able 
by Slow Neutron 





uranium regardless of the size of the sample 

An uncaptured neutron continually loses energy 
by colliding with atoms as it diffuses throughout any 
material, until its average energy is that of the ther 
mal motion of the atoms of the material. It is these 
thermal neutrons of certain extremely low energies, 
i.e., less than an electron volt, which are strongly 
captured by l™* to produce tission 

rhe clue to possibly making the chain reaction go 
with ordinary metallic uranium, which contains all 
kinds of uranium atoms but is predominantly Ul, 
lies in arranging the uranium in a lattice of small 
lumps so that many of the fast-moving neutrons dif 
fuse out of the uranium into some surrounding ma 
terial. Here many of them would be slowed down to 
well below ten electron volts before diffusing back 
into the uranium. By this means a higher proportion 
of neutrons is preserved for the fission of U'* by 
making them less likely to be caught by 1’ 

In the technical vocabulary of nuclear engineering, 
this other material, which keeps neutrons in custody 
and helps them lose energy until they are safe from 
capture by l’*, is called the “moderator.” Evidently 
the moderator material also must not absorb too 
many neutrons or the reaction would be stopped. The 
moderator, in addition to not absorbing neutrons, 


should have a low atomic weight. This is because 





the neutrons to be slowed collide elastically with the 
nuclei of the moderator material, and give up more 
energy at each impact if the two partners of the col 

lision have nearly the same mass. The hydrogen in 
water, being the element with least mass, would, from 
a weight standpoint, be the best moderator. How 

ever, unfortunately, the single proton that comprises 
the hydrogen nucleus has a great tendency to absorb a neu 

tron (resulting in the formation of a deuteron and a y-ray) 
Heavy water, which contains heavy hydrogen or deuterium, is 
satisfactory from a neutron-absorption standpoint, but is a 
scarce and costly substance. Helium, next in the scale of ele 
ments, would be suitable except that it is a gas at all but im 

practically low temperature, and is therefore not dense enough 
to provide adequate slowing-down targets for neutrons. Me 
tallic beryllium is a good possibility, but has been too ex 

pensive. Lithium and boron are strong neutron absorbers and 
hence are unsuitable as moderators. High-purity carbon, in 
the form of graphite, is more readily available and is a low 

cost material with acceptable absorption properties, and has 
been used as the moderator in many chain-reacting piles or 
nuclear reactors, including the famous ‘“‘first” at the Uni 
versity of Chicago. However, graphite has poor structural 
strength in that it has a very low breaking stress; and, further, 
a carbon moderator requires four times as many collisions to 
slow down fission neutrons to thermal speeds as does a heavy 


water moderator. 


Controlling the Nuclear Reactor 


If the reactor is so constructed that, on the average, more 
than one fission results from the neutrons produced by each 
fission, then clearly the number of neutrons present, and the 
heat generated, increases by the compound-interest law. If a 
great multiplication happens rapidly, say, in a small fraction 
of a second, then the phenomenon becomes an explosion. In 
short, this is a sort of atomic bomb. Even if the reaction o 
curs slowly, the reactor would be destroyed by melting if the 
multiplication were allowed to proceed indefinitely 
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One way to control the reactor is to provide passageways 
through it, into which rods of material that strongly absorb 
neutrons can be placed. When these rods are fully inserted 
into the mass of fissioning material, they absorb so many 
neutrons that the chain reaction is stopped. As they are slowly 
withdrawn, a point is reached at which the reaction is just 
able to maintain itself; if the rods are pulled out farther the 
neutrons are able to multiply and the reactor operates at in 
creasing power levels. To reduce the multiplication rate, the 
absorbing rods are simply pushed back in. Thus to raise the 
reactor power output, control rods are withdrawn to multiply 
the number of neutrons, then returned to the operating point 
the reactor then operates at a higher power level. The proce 
dure is reversed to lower the power level. Cadmium, boron 
containing steel, and several other materials are suitable for 
the control rods. 

The language of the preceding paragraph implies that the 
time scale is slow enough for an operator to maintain control 
by manual operation of control rods, or by use of a similar 
relatively slow-acting control mechanism. That is in fact the 
case, owing to another phenomenon in the fundamental] phys 
ics of fission: delayed neutrons. 

Most, but not all, neutrons emitted in the fission process 
come out instantly. The uranium nucleus in splitting apart 
spills out about 99 percent of the neutrons immediately 
These are called prompt neutrons. The atomic fragments 
are also in a highly unstable condition and some of them 
throw out additional neutrons after a short time delay, 
amounting, on the average, to about 10 seconds. These de 
layed neutrons set the time scale on which the neutron multi 


ylication in the reactor builds up, and set it for such a long 
| 


time that slow-acting controls are easily able to regulate the 


activity of the pile 


” 


0 Seconds 
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n 
Neutron 0 


Iodine Xenon 


The Bomb Chain Reaction 

Phe chain reaction in an atomic bomb proceeds explosively, 
whereas the process in the reactor can be easily controlled by 
manual operation of neutron-absorbing rods. The key distin« 
tion is that the bomb (one type) is made of essentially pure 
U*™®, without moderator. The chain reaction in the bomb is 
carried on principally by fast neutrons (i.e., those having 
energies above 1000 electron volts) directly released by fission 
As already remarked, a chain reaction cannot be maintained 
in pure natural uranium because of the nonfission absorption 
in 1’** of neutrons having energies of less than 1 mev. With 
essentially pure U’™ these competing absorption processes do 
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not occur and the chain reaction is made possible. Inthe bomb, 
the main factors tending to prevent criticality are the escape 
of neutrons through the surface and the losses of neutrons by 
nonfission absorption due to impurities, including any re- 
maining LU’, 

Plutonium is a newly discovered chemical element not 
known to exist in nature, but which is made from uranium by 
nuclear transmutation. Plutonium is important because it, 
like L/™, is fissionable by slow and intermediate neutrons. 

Plutonium is a man-made material, produced from U™*®. 
When l’™* captures a neutron it becomes U* with the simul- 
taneous emission of gamma radiation. This UL’ is not stable, 
but emits high-speed electrons by a process of spontaneous 
radioactivity. The mean life of the U* atoms is only about 
3) minutes. By this activity they are transformed into atoms 
having essentially the same mass but one greater positive 
charge, 93, on the nucleus. Thus is formed a new chemical ele- 
ment called neptunium, and written Vp**. Neptunium-2339 is 
also spontaneously radioactive and emits another high-speed 
electron, becoming thereby an atom having 94 positive 
charges on the nucleus, but still essentially of mass 239 (be- 
cause the mass of an electron or positron is so small compared 
to that of a neutron or proton that the addition or loss of one 
from a heavy nucleus is inconsequential). This process is slow- 
er; the mean life of the neptunium atoms is about three days. 
rhe resulting atom of charge 94 and mass 239 is another new 
element called plutonium, and written Pu, 

Phe purpose of reactors at Hanford, Washington is not to 
get atomic power but to produce the new element plutonium, 
which provides a second bomb material. It is, in short, a com- 


petitor of LU 


The neutrons resulting directly from fission are called 
prompt neutrons; they do not have a single energy, but 
are emitted with a spectrum of energies, which has a maxi- 
mum near 1 mev. The average prompt neutron energy is 
about 2 mev. 

In addition to the prompt neutrons released at fission, 
the fission fragments decay along various radioactive 
chains, and some of the members of these chains them- 
selves give off delayed neutrons. The time at which 
these are emitted subsequent to fission is determined by 
the radioactive decay periods of the precursors of the de- 
layed-neutron emitting nuclei. Thus, for example, one of 
the delayed neutron emitters, having a delay of 32 sec- 
onds, is known to be Xe’, which is a member of the 
fission fragment chain: 

-1¢° on! 
531 > Xe! —> yXe™ (stable) 
22 sec 0 sec 


*, Plutonium is sought as a bomb material, not 


so much because it is superior to U™*, but because it is a 
chemically different element and its separation from uranium 
is vastly easier than the separation of the various isotopes of 
uranium. Further, the production of plutonium makes use of 
('*, which is relatively plentiful and otherwise of little value. 
rhe process by which plutonium is formed—capture of neu- 
trons by U*—has already been mentioned as one that tends 
to stop the chain reaction in a pile. Nevertheless, the uranium 
lumps in the pile are exposed to a dense atmosphere of neu- 
trons, and so the means is at hand for changing a part of the 
U** into Pu’, 
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Breeding 

In the production of plutonium, U™* is fissioned to produce 
heat and additional neutrons, one of which is needed to con- 
tinue the reaction, but some of which are used to convert the 
otherwise useless and predominant U** into plutonium, which 
is fissionable. Thus, this situation exists: in the fission process, 
heat is developed, which in a reactor suitably designed could 
be put to profitable use, and, in addition, more fissionable ma- 
terial is produced. This offers the intriguing possibility that if 
the process could be made sufficiently efficient, more fission- 
able material would be produced than is consumed. This is 
known as breeding. Conceivably it might be possible to con- 
vert all the U’** to fissionable material, i.e., plutonium, and 
thereby increase the total stock of fissionable material by the 
ratio in which U’** predominates in nature over LU’, or about 
140 times. Also by a similar breeding process, it is theoretical- 
ly possible to convert thorium-232, a nonfissioning material 
(in the sense that it will not sustain a chain reaction), into 
U™®, which, like LU’, is capable of slow-neutron fission. 

Unfortunately, however, breeding isn’t quite as simple as 
it seems at first glance. One of the stumbling blocks is the 
need for complicated and expensive chemical processing to 
remove and purify the fissionable materials made in the 
breeder. Further, two fission product atoms are made by each 
fission reaction; some of these atoms are “poisonous” to the 
reactor, i.e., they are big absorbers of neutrons. After the 
reactor has been in operation for a time, the poisons must be 
removed so that the reactor can continue to operate, or the 
reactor must be specially designed to take care of this 
contingency. 


Five important delayed neutron groups and the fraction 
that each constitutes of all neutrons, both prompt and 
delayed, are tabulated below for U™®. 








7% Bi 
(half-life, sec) (relative abundance) 
55.6 2.6 10-4 
22.0 17.0x 10~ 
4.51 21.0 10 
1.52 24.0 10~¢ 
0.43 8.4 10 

=73.0X10- 


Evidently, about 0.7 percent of all the neutrons pro- 
duced from fission are delayed. These neutrons, delayed 
about ten seconds on the average, also have an energy 
‘ spectrum, the average neutron energy being about 0.5 
mev as compared to the prompt neutron average energy 
of approximately 2 mev. 


Another stumbling block is the “radiation damage” in 
flicted on the fuel elements and reactor structural materials 
by the intense radiation in the reactor. Radiation damage is 
the term applied to changes in the properties of materials due 
to irradiation by neutrons, y-rays, and other nuclear particles. 
It may be evidenced by warping, hardening, and other 
changes in reactor materials. Radiation damage may very 
well be the factor that determines the degree to which regen 
eration can be allowed to take place. 

However important the cost of chemical processing and the 
effects of radiation damage may be, the ‘64-dollar question” 
is whether the desired regeneration rate can be obtained. The 
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Experimental Breeder Reactor (EBR), the first reactor de- 
signed to answer this question, has been placed in operation 
at the National Reactor Testing Station in Idaho by the 
Argonne National Laboratory. Subsequently, the Atomic 
Energy Commission announced that the EBR is able to gen 
erate as much fuel as it consumes and that the breeding prin 
ciple has been successfully demonstrated 


Atomic Energy versus Atomic Power 


Although the invention and use of dynamite did demon 
strate certain aspects of the utility of molecular energy, it did 
not lead directly to the internal combustion engine. Similarly, 
the existence of nuclear fission and atomic bombs does not 
guarantee or necessarily imply the possibility of useful atomic 
power. In the fission process, the resulting fragments are given 
off with tremendous energies of about 100 million electron 
volts each and are highly charged electrically. It is natural to 
wonder if it would be possible to use these projectiles to gen 
erate electrical power directly by allowing them to move 
through electromagnetic fields. Unfortunately, means have 
not yet been developed to do this as efficiently as the molecu 
lar temperature of the burning gases is used in the internal 
combustion engine. In present nuclear reactors, the fuel-bear 
ing materials are used as transducers to reduce the high 
energy particles to thermal energies through collisions of the 
fission fragments with the surrounding molecules in the fuel 
and structural materials of the reactor. By these collisions the 
struck atoms are heated and the various surfaces near the fuel 
within the reactor are heated. 


Details of the Operation of a Reactor 


Reactors utilize for their fuel any of the fissionable nuclei 
that can sustain a chain reaction and be obtained in sufficient 
quantity to originate the chain. In present-day reactors most 
of the fissions are produced in U** or Pu®*. The fission of one 
of these nuclei releases about 195 mev of energy —165 mev in 
the form of kinetic energy of the fission particles and 30 mev 
that is associated with neutron and §- and y-ray energy. The 
fission fragments penetrate about 0.0005 inch into the sur 
rounding reactor materials. Thus in most reactors the fission 
energy is transformed into heat inside the reactor fuel ele 
ments within a very short distance from the point of fission 
To establish a thermal energy of 100 000 kilowatts, the reac 
tor must produce 3X 10" fissions per second. ‘The chain rea 
tion within the reactor must be kept just at criticality, that is, 
the production rate of neutrons must be precisely the same as 
the rate of loss of neutrons by leakage from the reactor plus 
the rate of absorption of neutrons within the reactor. The 
equation for the balance of neutrons for the reactor assembly 
is then: 

Leakage+ Absorption = Production (18) 
A practical power reactor operates most of the time at a 
steady power level and, since this level is proportional to the 
rate of production of fissions, the power production is pro 
portional to the rate at which neutrons are produced. The 
size and shape of the reactor, the nuclear characteristics of 
materials comprising the reactor, as well as other effects, all 
influence the ability to maintain the chain reaction. The fac- 
tors that determine the criticality are more precisely: 
1—Geometry. This includes the external size and shape of 
the reactor and the detailed arrangement of the fissionable 
and other materials within the reactor. Small, high-power 
reactors, such as the Submarine Thermal Reactor (STR), 
which will propel the submarine U.S.S. Nautilus, have 
stringent geometry requirements. 
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Resonance where ny is the initial number of neutrons 
— inoue at time/=0. It is clear that, unless suitably 
us and U2 from controlled, the number of neutrons in a nu- 
— clear reactor, and consequently the reactor 

power, increases exponentially with time, 

provided & is greater than unity, i.e., the 

reactor is supercritical. Suppose a reactor 

has been barely brought to supercriticality 

with k=1.002, and is operating at a low 

power of one watt. Assume that the average 

neutron lifetime J is 0.0001 second. If con- 

ditions remained unchanged the reactor 

power would rise to 100 megawatts in a 

time: (1 ) 


l n 0.0001 | 10% =: — 
Resonance dae! imi | 0.002 nN approx. 1 sec 


Captured Capture 
7 235 PY ose . 
Reactor uU*” and U where the ratio of numbers of neutrons is 
Materials . . 
equal to the ratio of power levels. If 100 
megawatts were the desired power level, 
; : control means to reduce & to unity would be 
Captured Fig. 4 A 
by required when the neutron flux reached such 
— Phe neutron bal- a level that 100 megawatts of fission energy 
ance in a natural ° etreaage p o 
, were being produced. This control is usually 
uranium reactor 2? a ei 
chat is just critical accomplished by moving neutron-absorbing 
This sketch shows rods into the reactor to collect some of the 
what might hap- neutrons, thereby reducing the value of k. 
pen to 1000 repre- Obviously the rods must be moved fairly 
sentative neutrons idl on ttl { f Iti if 
me , Aye > ae > yr 
out of the many rapidly o preven ne reac or rom me ting. 
millions present Just how rapidly will be considered in more 
within a_ reactor. detail later in this article. 


Neutron Balance 


Except for a few neutrons from an artifi- 
cial source used to start the reactor, all of 
the neutrons present are produced in the 

2—Migration Length. Neutrons are born in the nuclear fis fission process. Not all of these neutrons so produced 
cause fission of other uranium nuclei. Many nuclear processes 


sion process and move about until they either escape from the 
occur that influence the ability of the reactor to maintain 


reactor or are absorbed by the materials of the reactor. In the 
course of its journey, the neutron makes many collisions with criticality. These are: 
materials within the reactor. The net distance traveled by the 1—Leakage of neutrons from the reactor before they are 


neutron from its birth in fission to its eventual loss or capture slowed down 


is called the migration length. It sets the geometrical scale ?—Leakaye of neutrons after they become slow. 


for the size of the reactor and depends mainly on the nuclear Fission of (' by slow neutrons. 
properties of the materials of the reactor 
3—The Multiplication Constant. To maintain the chain 


reaction, the number of neutrons produced within the reactor 6- 


»] 

4—Fission of (°° by fast neutrons. 

5—Fission of ('* by fast neutrons. 

Nontission capture of neutrons by 0 forming 
by (* forming U*, the latter decaying first into neptunium 
and then into plutonium. These capture events are most 
likely to occur for particular values of the neutron energy 
rhis is sometimes called “res- 


BF 


or 


must be equal to the number lost or absorbed, as stated by 
equation (18). The multiplication constant & is the ratio of 
the total number of neutrons produced during a small fraction 
of a second to the total number of neutrons lost or absorbed called “resonance energies.” 
during that same time. The chief problem in reactor control onance capture.” 

is to keep this ratio exactly equal to one. The value of & 7—Capture of neutrons by 


is then the ratio of the number of neutrons present in two moderator materials m the reactor. 
S—Capture of neutrons by the products of previous fis- 


sions or capture processes. This and the previous effect con- 


structural, control-rod, or 


successive neutron generations. Since one neutron is required 
to produce a fission, the neutrons in each generation increase 
by a factor of (&-1). If m neutrons were present at a particular stitute “parasitic capture.” 
time, then n(k-1) will be present one generation later 9—Neutron-induced fission of the products of previous 
The rate of change in the number of neutrons is: capture reactions such as plutonium, which is produced by a 
dn_n(k-1) 19 process sometimes called 
dt l Che importance of the various processes to the maintenance 
where / is the average time required for the formation of a of a chain reaction varies greatly with the particular reactor 
new generation of neutrons. Upon integration, the number design. To get some idea of how the neutrons are used and 
lost within the reactor, the magnitude of the preceding effects 


‘ 


‘conversion.” 


of neutrons present after a time ¢ is: 


n= ri" (20) must be evaluated. 
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The neutron balance that exists in a critical reactor can 
be illustrated by watching what happens to 1000 representa- 
tive neutrons of the many millions that are present within the 
reactor (see Fig. 4). 


Types of Reactors 


Most contemplated power nuclear reactors use highly en- 
riched, slightly enriched, or natural uranium. The relative 
importance of the various events that influence the life of 
a neutron is quite different for each type. Naturally, a 
detailed analysis of each reactor is required before it can be 
mechanically designed. 

Reactors can also be distinguished by the neutron energy 
at which most of the fissioning takes place. The Submarine 
Thermal Reactor is called a ‘thermal reactor” because most 
of the neutrons are moderated so that they are nearly in 
thermal equilibrium with the water in the reactor. This 
means that most of the neutrons have energies of about 0.03 
electron volt. The reactors at Hanford and the original 
“pile” at the University of Chicago are other examples of 
thermal reactors. 

Reactors in which most of the fissions are caused by 
neutrons having energies above the thermal range but not 
over about 1000 ev are called “intermediate reactors,’ since 
they use neutrons in the intermediate energy range. A typical 
example of this type reactor is the Submarine Intermediate 
Reactor (SIR), being developed by the General Electric Com- 
pany for application in another atomic-powered submarine, 
U.S.S. Sea Wolf. 

If a reactor has most of the fissions originated by neutrons 
with energies above 1000 ev, it is called a “fast reactor,” 
since it uses very high speed neutrons. An example of a 
transient fast reactor is the atomic bomb. However, stable 
operation of a fast reactor is possible and such a device has 
been operated at the Los Alamos Scientific Laboratory. 


Multiplication of Neutrons in Thermal Reactors 


Thermal reactors such as the STR are generally simpler 
theoretically than other types and the nuclear constants for 
them are better understood. Since the probability of fission 
is highest for low-energy neutrons, a thermal reactor of a 
given size can be made critical with smaller amounts of fis 
sionable material than are required for the other reactor 
types. Thus, except for poisoning effects by fission products 
(whose cross sections are also high for low-energy neutrons), 
the thermal reactor possesses a definite advantage in the 
ability to attain criticality with a minimum of scarce fis 
sionable material. 

The average number of neutrons emitted per fission is 
represented by v, which is about 2.5 for U. Not all of the 
neutrons absorbed by the reactor fuel produce fission, 
since in certain cases the uranium may collect a neutron with- 
out fission. The quantity oy, is the cross section for both fission 
and nonfission absorption of slow neutrons by the fuel 
(uranium), and of, is the cross section for fission absorption 
of slow neutrons by the fuel. The cross section for an event 
is a measure of the probability of its occurrence. The num 
ber of fast neutrons generated for each slow neutron absorbed 
by the fuel are then: 

of ) 
Nl Vv é 

ou 
where v is the average number of fast neutrons generated in 
each fission. Most, but not all, fissions are caused by slow 
the 


Nm 


neutrons. Fast neutrons cause some augmentation of 


neutron population so a factor € is used to account for this 
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Glossary of _, oe am byt HO 


The Atomic Weight of an element is the weight of one of 
its atoms relative to that of an oxygen atom (16.0000 

The Atomic Number of an element is the number of pro 
tons in the nucleus of one of its atoms and, since an atom 
is neutral, is also the number of its planetary electrons 

The Mass Number of an element is the integer nearest 
Since the 
mined almost entirely by its protons and neutrons, each of 
the 


its atomic weight veight of an atom is deter 


which has a weight close to unity mass number is also 


equal to the total number of nuclear protons and neutrons 


An Electron Volt is the energy acquired by an electron 


accelerated by an electric field through a potential differ 


ence of one volt; it is very minute, being equal to about five 
trillion-trillionths of a kilowatthour 

Critical is the term used to describe the condition of a 
nuclear reactor in which a fission chain reaction is being 
maintained at a constant rate. A reactor in which the rate 
of fissioning is increasing is said to be supercritical and one 


in which the rate is decreasir i.e., there is no chain reac 


tion) is termed subcritical 

The Multiplication Factor is the ratio of the number of 
neutrons in one neutron generation to the number in the 
immediately preceding generation. Whether the reactor is 


subcritical, critical, or supercritical depends upon whether 


this factor is less than, equal to, or greater than one 
Fisstonable Materials are, strictly speaking, not simply 
those which undergo fission, but rather those which car 
sustain a fission chain reaction 
Fertile Materials are nontissionable materials that can 


ionable materials 


be converted in reactors to fi 
The Moderator is the material that is placed in a reac 
ving down neutrons away 


It should 


tor for the express purpose of slo 
from the fuel in order to avoid resonance capture 


have low atomic weight and should not appreciably absorb 
neutrons 
Thermal Neutrons have a\ 


energies as the molecules of the 


out the same average kinetic 
are 
ghborhood of 1.03 elec 


medium in which they 


present. These energies. in the ni 


tron volt, are relatively low and ich neutrons are termed 


slow. Neutrons having energies between thermal and about 
1000 electron volts are called intermediate neutrons and 
those above this range are fast 

A Thermal Reactor is one in which most of the fissions 
result from the capture of thermal neutrons. In intermedi 
ate and fast reactors most of the fissions are due to the ab 
sorption of intermediate and tast neutror respectively 

A Breeder Reactor is one that produce more fission 


able material than it consume 


one that generates fissionable 


A Production Reactor | 


materials from fertile materials, but which consumes at 


least as much fissionable material as it produces. It is some 
times called a regenerative reactor 

A Converter Reactor is similar to a production reactor 
except that it utilizes the ible material produced to 


augment its lifetime 
inuciear reaction | 


that 


The Microscopic Cross Section (or 


the ratio of the fraction of target nuclei react to the 


| it trea of the target ma 


number of incident particles per t 

terial; it is the effective cro ectional area pre sented by 
a single nucleus for the reaction if not necessarily re 
lated to the geometrical cro ectional area of the nucleus 


tion depends upon the particular 


Phe cross section for a reac 
but 


ol the 


incident particle 
order of 10 


barn.” 


type of reaction and the energ 
a typical microscopic cross section is of the 


cm* per nucleus, which unit called a 


A Negative Temperature Coefficient is possessed by a 


reactor whose multiplication factor decreases slightly witt 
or rise hghtl 


increasing temperature ith decreasing 


temperature If the te nperature ol ich a reactor rises tor 


the multiplicat 


some reason m tactor decrease causing 
the reactor temperature to fa \s the temperature falls to 
its original value, the multiplicat ictor increases to its 
original value. A similar sta zing sequence will take place 


if the temperature ongina 
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effect. The fast-fission factor € is defined as the total number 
of fast neutrons produced by fissions due to neutrons of all 
energies, divided by the number of fast neutrons due to 
thermal fissions. Usually € is not a large quantity in thermal 
reactors and has a value of about 1.03. 

On the average, for each slow neutron absorbed in fuel, 
en fast neutrons are formed in the next generation. These 
fast neutrons are slowed down by collisions with the atoms 
of the moderator, which in the STR are the hydrogen atoms 
in the water. During the slowing down process, some of the 
neutrons are captured in nonfission processes, mostly at 
resonance energies, so that only a fraction p of the fast 
neutrons generated remain after becoming slowed down. The 
fraction p is termed the “resonance escape probability.”’ 
The number of slow neutrons in this new generation for each 
thermal neutron that belonged to the previous generation 
and was absorbed in fuel is then pen. 

lo cause the chain reaction to maintain itself, these new 
slow neutrons must cause fission; however, not all of them are 
absorbed by the fuel, since some are lost by absorption in 
structural and moderator materials and in poisons within the 
reactor. If a fraction f of these new slow neutrons is absorbed 
within the fuel, the net number of neutrons absorbed in fuel 
in this new generation for each neutron so absorbed in the 
previous generation is: 

k=fepu 
where f is called the “‘thermal utilization.”” The term & is 
called the “multiplication constant,” since it is the ratio 
of the number of neutrons absorbed in one generation to 
those absorbed in the preceding generation. To maintain a 
chain reaction at a steady state, the multiplication constant 


(23) 


k must be exactly equal to one. 

These reactor conditions have been evaluated for the case 
in which no neutrons are lost by escape outside of the reactor; 
the reactor is assumed to be infinitely large. Power reactors 
such as the STR are small and the leakage of neutrons to the 
surroundings is not negligible, even though neutron reflectors 
are provided in an attempt to keep the neutrons within the 
reactor. For finite size reactors, call Q the probability that a 
neutron does not escape by leakage. The condition for steady- 
state criticality of a finite reactor is then given by: 

kQ=fepnQ=l1 
his is the condition the operator must maintain to produce 
a constant power within the STR nuclear-power plant. The 
reactor is said to be subcritical, critical, or supercritical 
depending on whether &Q is less than, just equal to, or greater 
than one. Since the power will decrease or rise exponentially 
if k) is not equal to unity, complicated control techniques 
are required for accurately establishing and maintaining 


criticality of a reactor. 


Delayed Neutrons and Reactor Control 


The prime source of information for reactor control is 
the measurement of the intensity of the neutrons that leak 
out of the reactor. Special neutron-counting devices are used 
for this purpose. Fortunately, nature assists in control of 
nuclear reactors. It was shown previously that a reactor 
would increase in power very rapidly if it became supercriti 
cal; so rapid is this increase that it would be very difficult 
to actuate control systems sufficiently rapidly to maintain 
criticality. However, not all of the neutrons are emitted 
immediately in the fission process. At the time of discovery 
it was difficult to understand how this could be possible; 
however, it has been found that certain of the radioactive 
decay products in the fission chain possess excess neutrons 
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to such an extent that they decay by neutron emission. Con- 
sider the typical fission reaction in which uranium fissions 
into bromine and lanthanum: 

5+ on! > 95 Br? + 57La'™ + 2on'+ Energy (24) 
The bromine isotope 35Br% decays into krypton 3.Kr”, which 
is also unstable and decays by two means: (1) normal electron 
emission to rubidium 37Rb*” and, (2) the emission of a neutron 
to the stable krypton isotope sAr*®. 

Neutrons emitted by such processes are called delayed 
neutrons. Since the half-life (i.e., time for one half of the 
substance to decay) of 3sBr® is 55.6 seconds, the neutrons are 
emitted from its decay product for some time after fission. 
Even though only a fraction of the neutrons following fission 
are produced in this manner, they represent a sufficient num- 
ber to increase the average neutron lifetime from 0.0001 
second (the value if all neutrons were emitted promptly at 
fission) to 0.1 second. This increases the value of / in equation 
(20) by a factor of 1000, thereby greatly decreasing the rate of 
multiplication of neutrons. Thus, if neutron-absorbing rods 
are moved into the reactor within a reasonable number of 
seconds, reactor transients due to a sudden burst of neutrons 
can be compensated for and reactor stability maintained. 


Power Stability 

Water-moderated reactors possess a very desirable stability 
feature in that they havea relativeiy high negative tem perature 
coeffic ient. 

If the temperature of a water-moderated power reactor 
should rise, due to some unforeseen reason, the reactor tends 
to operate at lower power, thereby reducing temperature to 
its original value. Similarly, when the temperature is caused 
to decrease, the reactor works more effectively and tends to 
increase the temperature. Hence, the reactor itself prefers 
to operate at a constant temperature. Since the reactor is 
usually required to operate at constant power, it is generally 
very desirable that the reactor power plant be inherently able 
to make corrections for minor perturbations due to tempera- 
ture fluctuations. The negative temperature coefficient pro- 
vides an automatic regulation of just this type. This property 
arises simply from the change in density and thus the moder- 
ating ability of the water when the temperature is modified. 
Some of the water is squeezed out of the reactor core when 
the temperature is increased and sucked into the core when 
the temperature is decreased. Since the moderating property 
of the water is proportional to the amount present within the 
core, this effect produces a strong stabilizing negative tem- 
perature coefficient that is of great value in controlling the 
reactor and its associated power plant. 


The Future 

The present existence of a number of different varieties 
of nuclear reactors—only nine years after the detonation of 
the first atomic bomb—attests to the speed at which events 
in this field have transpired. Yet so much unexplored terri- 
tory remains in nuclear physics and related sciences that fu- 
ture discoveries are certain to exert marked influence on 
practical application; conceivably the whole approach to prac- 
tical use could be altered almost overnight by some new bit of 
information. Just what transpires and how quickly is largely 
a function of how rapidly new knowledge can be uncovered. 


As far as the atom goes, the Greeks had a word for it—but in this 
case they were understandably somewhat off base.“ Atom” is derived 
from two Greek words, a (not) and temnein (to cut), thus meaning 


something indivisible. ’Tain’t so! 
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Work on the nation’s first electric-utility nuclear-power plant is 
now in progress. Herewith some of the characteristics of the plant. 


C. H. WEAVER, Manager, Alomic Power Div., Westinghouse Electric Corporation, Pittsburgh, Pa 


age send July 1, 1953, Westinghouse was assigned respon- 
sibility for the development and design of a pressurized 
light-water reactor and primary coolant circuit intended as 
the heat source for generating civilian electric power. To carry 
out this responsibility, Westinghouse was authorized to do, or 
cause to be done, the following: (a) such research and devel- 
opment work as is necessary for the design of the reactor and 
primary coolant circuit; and (b) the necessary design and 
engineering work, including scheduling of the work and prep- 
aration of plans and specifications. Westinghouse was also 
assigned responsibility for the manufacture, fabrication, 
assembly, and testing of the pressurized-water reactor. 
When Westinghouse commenced work on the primary plant, 
we were given the following general specifications: (1) gener- 
ation of at least 60 000 kw of useful electric energy; (2) use of 
light-water cooled and moderated, slightly enriched uranium- 
type reactor; (3) 600 pounds per square inch saturated or 
higher steam conditions; (4) fuel-element life as long as pos- 
sible between chemical reprocessing; (5) refueling with mini- 
mum shutdown period; (6) simplified reactor-control system ; 
(7) central-station-type turbine and electric generating 
equipment; (8) conventional central-station steam, electric, 


This article consists of extracts from a talk made by C. H. Weaver before the Atomic 
Industria! Forum in Washington, D.C. on May 24, 1954 
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and other auxiliary systems; (9) commercial standards of 
equipment; (10) use of concrete for shielding; (11) minimum 
possible construction cost of the plant; and (12) minimum 
possible operating cost. 

The basic design of the PWR plant is now and for some 
time has been an established reality. The main coolant sys 
tem, which serves both to absorb heat generated by the re 
actor and to deliver heat to the steam generators, will consist 
of four loops cperating off the reactor vessel. Each loop, in 
turn, consists generally of a pump, a steam generator, shutoff 
valves, and interconnecting pipe. The pumps continuously 
circulate coolant water between the reactor and the steam 
generator. The steam generator, for its part, is the connecting 
link between the primary system and the steam system. It 
consists of a water-to-water heat exchanger, and a steam 
drum and separator. The shutoff valves permit us to isolate 
one loop if it is not required, or to repair one loop while the 
other three loops are operating 

The water in the primary plant will circulate at a pressure 
of some 2000 psi to prevent boiling in the core and to eliminate 


(Above) A preliminary sketch of the nation’s first central-station 
atomic power plant. At left are the reactor and heat exchangers. 
In the center is the turbine-generator, and at right, the switchyard. 
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cavitation problems. The average temperature of the primary 
plant water is maintained at about 525 degrees F. 

rhe primary coolant loops are so designed that the rated 
plant output is produced with three of the four loops operat- 
ing. The fourth loop can be operated if desired, but will nor- 
mally serve as a spare. The loops divide the load equally, and 
the steam venerated by each is fed to a steam header and 
delivered to the turbine. To produce 60 000 kw net with three 
loops operating, the pump in each loop circulates water at a 
rate of about 16 000 gpm. This makes a total of about 48 000 
ypm through the reactor. About 1000 hydraulic horsepower is 
required to circulate the water in each of the three loops. 

The primary water is maintained at 2000 psi by a pressuriz- 
ing tank, which floats on the system and is connected to one 
of the reactor outlet pipes. This tank is normally filled with 
about equal volumes of water and saturated steam at more 
than 6000 degrees F. The head of steam is maintained by 
electrical heaters in the water. Load changes are accompanied 
by some volume change of the primary water. The head of 
steam expands or contracts to accommodate this water- 
volume change 

The most interesting and highly developmental part of the 
plant is, of course, the reactor core. It will consist of a geo- 
metrical pattern of closely spaced fuel elements, The heat- 
yenerating material will be slightly enriched uranium, that is, 
uranium containing a slightly higher amount of the 235 iso- 
tope than natural uranium. More than ten tons of uranium 
will be used in the first core. The fuel elements will be pro- 
tected by a corrosion-resistant material designed to prevent 
the coolant water from becoming contaminated with particles 
of uranium and fission products 

These fuel elements will be formed into a right circular 





In any given assortment of engineers, 
backgrounds, experience, and fields of in 
terest are often totally different. So are 
personalities and philosophies, But in 
spite of the wide personal differences, one 
characteristic seems common to all—the 
deep-rooted urge to improve, to build 
something better, to find some new ap 
proach to an old problem, In John Boyer 
this tendency manifests itself as a strong 
curiosity about things technical, and an 
urgency amounting almost to impa 
tience —to build better rectifiers and tind 
better ways of using them 

Almost from the day he reported to the 
rectifier section in 1942, Boyer began ask 
ing his associates sharp, persistent, and 
occasionally embarrassing questions about 
rectifier technology. As one of his as 
sociates puts it, “I think John was sur 
prised, and perhaps even somewhat an 
noved, to find that no one knew the an 
swers to some of his questions Make no 
mistake, they were good, sound questions; 
it was just that some of them concerned 
things that hadn’t been tried yet.”’ In the 
ensuing years Boyer has found most of 
the answers himself, plus answering a 
whole flock of others he has thought up 
in the meantime. Attesting to that fact 
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An Engineering Personality 


cylinder about 6 feet in diameter and 7.5 feet high. The 
maximum fuel-element surface temperature will be less than 
636 degrees §, the boiling point of water at 2000 psi. The 
maximum heat flux will be over 350 000 Btu per square foot 
per hour, and the average power density will be about 45 kw 
of heat per liter 

The reactor vessel, which contains the core, will be built 
large enough to accommodate cores physically bigger than the 
first one The vessel shell will be about 9 feet inside diam- 
eter and have an overall height of over 25 feet. This shell will 
consist of carbon steel clad with stainless steel. The cylindrical 
wall of the vessel will be penetrated by the four inlet and four 
pipe outlet connections for the four main coolant loops. 

rhe steam generators will consist of two major components: 
first, the heat exchanger portion, and second, the steam drum. 
The heat exchanger will consist of a bundle of stainless steel 
tubes, the ends of which are welded into heavy tube sheets. 
Phe entire assembly will be enclosed in a steel shell. Primary 
coolant will flow through the inside of the tubes. The steam- 
plant feed water will be fed into the shell side of the heat 
exchanger and will be converted to steam as it flows upward 
over the outer surface of che tubes. The steam thus generated 
will rise to the steam drum where it will be dried by passing 
through a conventional steam separator. The steam will leave 
the drum at 600 psia saturated. 

Regarding the nuclear control of this plant, we intend 
taking advantage of the inherent stability of pressurized- 
water reactors as the basis for control during power ¢ hanges. 
Due to the negative temperature coefficient that can be de- 
signed into such a reactor, the core will automatically main- 
tain the temperature of water flowing through it at a constant 
value. Thus, if heat is removed from the primary coolant and 














: Steam to Turbine | | Steam to Turbine 
if the coolant water temperature therefore decreases, the Pe Ue Boiler Boiler x. .. 
reactor automatically restores this heat by increasing its = LW 
power output until the water temperature regains the original ie &- a ae Gan 
value. The reverse is true when the rate at which heat is being Feed Water Feed Water 
° ‘ ‘ ; to Boiler to Boiler 
removed from the primary water is decreased. The reactor 
itself accomplishes this control automatically without the >_—p> a = 
operation of any equipment. vue Pons 
The field of power reactors stands today where the infant 
electrical industry stood some 75 years ago. There was then a nen Sianan to Turbine 
little doubt that the use of electrical power had a great future, . Boiler. """"T 7” 
but experts disagreed on whether electricity should be used Dd > 
in the form of direct or alternating current. Tnose who be- va wae 
lieved in alternating current could not agree on whether the to Boiler 
frequency should be 25, 50, or 60 cycles. The pioneers in those 
days did not have accurate cost estimates; they could not a th 
project their problems accurately into the future; and it was Pump CALAN NET Pump 
difficult or impossible for them to predict how the many ae 
technical problems which faced them would be solved. Auxitiery Equipment 
In the same way, those of us vitally concerned with nuclear ase 
power feel certain that it has an expanding place in the field =e ; 
of energy generation. But we lack the cost and technical data A simplified schematic of the reactor system. Rated plant 
: ‘ : output is produced with three of the four loops operating. 
necessary to show that any one type of reactor is greatly 
superior to all others. We are still far from knowing how to 
solve all the many cost and technical problems which face component varied by a factor of almost five to one. With 
each reactor type. such variation in prices for the conventional pieces of equip- 


Our experience to date on PWR has confirmed the difficul 
ties of estimating the cost of a new reactor type without 
Recently we obtained, 


actually designing and building it. 


from the nation’s most competent vendors, fixed-price sealed 
bids on the PWR steam generators and also on a prototype 
main coolant valve. Both bid invitations were based on com- 
plete performance specification. The bids received on each 






























































































































fabrication and reprocessing are 


PWR reactor can readily see how 
plant will point the way to major reductions in both the 


merely 


mstruction of this first 


capital and operating cost of later plants 





ment, as quoted by qualified manufacturers, it seems clear 
that cost estimates on highly experimental items such as core 
yuesses 


Those of us engaged in the design and manufacture of the 


Joun L. Boyer 











are some 28 patents; he has received as 
many as eight awards in a single month. 

Boyer has always displayed this facility 
in producing new ideas. In his undergrad 
uate days at Rice Institute, he and several 
fellow students tinkered incessantly with 
a mercury-are rectifier acquired by the 
college laboratory. They tried innumer 
able circuits, including an unsuccessful at 
tempt to make the rectifier work as an 
inverter. This small sample of rectifier 
work whetted Boyer’s interest sufficiently 
that when he finished the Westinghouse 
Graduate Student Course in 1942 he asked 
for assignment to the Rectifier Section in 
East Pittsburgh. He landed there just in 
time to get caught up in the mad rush to 
keep pace with the demands for rectifier 
equipment for the mushrooming alu 
minum and magnesium industries. Once 
this activity slowed from its torrid pace, 
Boyer turned to the design of high-volt 
age ignitron rectifiers and inverters and 
their circuits. His experience in the latter 
tield led to his selection in 1945 as the 
author of the chapter on inverters in the 
Industrial Electronics Reference Book 

In 1946, Bover was selected to head the 
Rectifier Development Section, 
primary responsibility is the development 


whose 
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of new or improved rectifiers and their 
associated circuits. Here he has had ample 
opportunity to exercise his innate curios 
ity and his ability to produce and follow 
through on new ideas. Boyer immediately 
began a search for other and possibly bet 
ter types of rectifiers. His group built and 
operated a cesium power rectifier. Then 
they tackled the older mechanical recti 
His 
section built and operated several experi 
It is worthy of note that 
in each case Boyer designed, built, and 


fier, to see if it could be improved 
mental designs. 


successfully operated a workable rectifier; 
these were no paper evaluations 

At about this time, materials engineers’ 
patient efforts in the semiconductor field 
Boyer and his 
group set out to tind practical ways to use 


began to produce results. 


these new materials in power rectifiers 
rhis intense effort has now culminated in 
a practical, commercial germanium power 
rectifier in the middle-voltage range. 

In casual conversation, nothing about 
Boyer’s manner suggests the intensity and 
strong sense of urgency that prevails in 
his development work. Quiet, mild-man 
nered, and modest, he gives little outward 
aggressiveness with which 


nt. That 


evidence of the 
he pursues engineering developms 


is, until the conversation rolls around to 
his activity; then you can readily sense 
his enthusiasm and imagination 

Boyer has the ability to appear unbur 
ried despite the pace of his activities. This 
was brought home to us again by his pa 
tience and cooperation in readying his 
article for thi uc. From his calm, easy 
manner no one could have guessed that 


this was a man wrapped up in the million 


and one final 


produ t, plu 


( 


evelopment detail 


opment project 


Bover ha 


laxing and getting the pressures of busi 
ness off his mind. At one time he wanted 
to be an astronomer; even built his own 


te les Ope 


serve and photograph the 
little ti 
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an uncommon method of re 
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In foreground is a trona-ore stock- 
pile at the Wyoming site. In rear 
are the powerhouse, hoist house, ore 
conveyor, and crusher building. 


Below, the powerhouse. In fore- 
ground are two steam-turbine gen- 
erators; in background are high 

and low-voltage switchgear and as- 
sociated control-center equipment. 
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At right, the main haulage hoist. 
The hoist console is in the fore- 
ground and d-c hoist motor at right. 
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Right, control centers, low- 
voltage switchgear, and 
mine-hoist m-g set. Below, 
turbine-generator console. 


High-voltage 
switchgear under- 
groundatthe 1500- 
foot level. Left to 
right are the shaft 
breaker, control, 
andthetie breaker. 











Their Characteristics and Principles 


Electrical engineers have long considered materials as belonging to one of two classes— 
insulators or conductors. Actually an intermediate group, called semiconductors, exists; 
these unusual materials have rapidly proved a valuable part of the electrical family. 


T. R. Lawson, Jr., Materials Engineering 


S' LbOM has any group of materials so quickly vaulted into 
b a position ol prominence, or so greatly aroused the imayl 
nation of the technical publi as have the semiconductors, as 
exemplified by the transistor. On the other hand, the detailed 
mechanism of conductivity in semiconductors is not widely 
understood. Partly this may be due to their peculiar electrical] 
properties—they are quite literally half conductor, half insu 
lator; but another contributing factor is the unfamiliar ele 
trical concept —that of the flow of “holes” as well as electrons 
commonly used to describe the passage of current through 
the material. Semiconductors have other unusual character 
istics, but considered on a fundamental basis, and non- 
mathematically, their operation is less difficult to follow 
Phe conductivity of semiconductor materials, as the name 
implies, lies between those of conductors and insulators. The 
resistivity range of semiconductor materials does not have 
sharp boundaries, but lies approxi 
mately between 10°% ohm-cm— and 
10° ohm-cm (for comparison, Copper 
resistivity is about 1.7 10~° ohm-cm 
and neoprene is of the order 10'* ohm 


Ohm-cm 


cm). But perhaps the most definite 
criterion of a semiconductor is its 
anomalous change in resistivity with 
temperature. Instead of increasing 
with temperature, as do most conduc 
tors, the resistivity of semiconductors 
decreases, i.e., these materials have a 
negative temperature coeflicient of re- 
sistivity. The temperature range for 
which this behavior holds depends on 
the particular semiconductor and may 
not be room temperature. The Therm 
istor is an applic ation of this property 

Another identifying factor is a scar 
city of “free” electrons, common in 
conductors. Herein lies another dis 
tinction between conductors, semi 
conductors, and insulators. In a con 
ductor, the outer ring of electrons in 
the atomic structure becomes a mo 
bile matrix cementing the atoms to 
gether The electrons in the matrix 
are free to move and provide a means 
of conduction. In a semiconductor ot 
insulator, the valence electrons take 
part in a relatively stable bond be 


Fig. 1- 
As will be seen, they are 


tween atoms 
an integral part of the bound-together 
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This bar graph shows the relative 
resistivities of several different typical con- 
ductors, semiconductors, and 


Department, Westinghouse Electric ( orporation, East Pittsburgh, Pe nnsylvania 


collection of atoms that constitute the material. Considerable 
energy is necessary to shake these electrons free of their 
atoms. One difference between a semiconductor and an insu- 
lator lies in how easily these valence electrons can be freed 
for conduction purposes. The energy required to break a bond 
in an insulator is large compared to the energy required in a 
semiconductor 

These three factors—conductivity between that of insu- 
lators and conductors, negative temperature coefficient of re- 
sistivity, and type and degree of binding force—are a few 
means of identifying semiconductor materials. Obviously, 
semiconductors are unique materials, with some character- 
istics of conductors, others of insulators, and some that are 
peculiar to themselves. 

\ fourth, and sometimes troublesome, characteristic of 
semiconducting materials is the extent to which their elec- 
trical properties depend on impurity 
content, method of preparation, and 
heat treatment. For example, while 


Copper 
the resistivity of conductors is rela- 


Aluminum 
Iron 

tively insensitive to crystallographic 
imperfection and heat treatment, even 
minute variations in these factors have 


a drastic effect on a semiconductor’s 


Mer« 


resistivity. 


Germanium (99.9999 


Silicon (99.999),) 


Methods of Conduction 


as Consider first the mode of conduc- 
tion for a normal conductor, such as 
copper. The metals commonly used to 
carry electric current are formed from 
ae ae ee many almost identical crystals. These 
crystals are made up of atoms built 
together in a definite form. The mech- 
anism of cohesion between these atoms 
(the “metallic fully 
understood, but it is known that the 
electrons attached to the outermost 
orbit of each atom (valence electrons) 
become free, that is, they no longer 
belong to any individual atom. In any 
given metallic crystal, a certain num- 
ber of free, or mobile, electrons for 


Bakelite (140) 


bond”) is. not 


Celluloid 


Porcelain 
each nucleus are present in the crys- 
Mica . ” . 
Shellac tal, approximately 10° electrons per 
cubic centimeter. When an electric 
held is applied to this type of crystal, 
the mobile electrons are attracted or 
insulators. repelled, as the case may be, and move 
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with considerable rapidity. The ease with which electron 
motion occurs is represented quantitatively by two figures 
called the ‘specific resistivity” and the ‘“‘mobility of elec- 
trons” in the material in question. Mobility need not be con- 
sidered here, but more must be said about resistivity. The 
larger this figure becomes, the more difficult it is to pass 
current through the metal. Typical resistivities at room tem- 
perature are shown in Fig. 1. 


Conduction in Semiconductors 


In the so-called semiconductor materials, the mode of con- 
duction and the order of resistivities obtained are entirely 
different. Whereas in the metallic conductor, built with the 
metallic bond, the valence electrons of each atom are freed for 
conductivity, in the case of semiconductors the valence elec- 
trons of the atoms are in relatively fixed bonding positions. 
They become an integral part of the structure of the material. 
\ diagrammatic sketch of this difference in crystalline struc- 
ture is given in Figs. 2 and 3. The ideal case as given in Fig. 3 
is not obtained in nature. There is never a perfect combina- 
tion of all electrons; some are always available for conduction. 
These, however, are present in very minute quantities as 
compared to a normally conducting material. 

\ semiconductor is not merely a poor conductor. For 
example, graphite and various resistor mixes (graphite and 
clay) are poor conductors but not semiconductors. Even such 
poor conductors have vastly more free electrons than semi- 
conductors, and do not have a negative temperature co- 
efficient of resistivity. 

In a conductor, the valence electrons of each atom are not 
used in crystal structure and are so loosely connected to their 
respective atoms that even with the thermal energy present 
at very low temperatures they can be considered free, that is, 
no longer associated with a given atom. The resistivity of a 
conductor is largely determined by the degree of perfection 
of the lattice through which electrons move. In theory, a 
perfectly pure, flawless single-crystal conductor at a temper 
ature of absolute zero, has zero resistivity. Departures from 
perfect periodicity in the lattice give rise to resistance to the 
motion of conduction electrons. Thus the thermal agitation 


of the atoms about their position of equilibrium leads to the 


increase of resistivity with increasing temperature. 

Still another—and more unusual—method of conduction 
occurs in semiconductors. Nearly everyone has seen the game 
wherein a number of blocks are placed in a frame with one 
more space than there are blocks. The object of these games 
is to rearrange the blocks in a specific order by simply sliding 
the blocks and not removing any of them. The system used in 
the solution of these puzzies, if observed from a new light, 
illustrates that when a block is moved the space, or hole, is 
also moved. That is, even though the space has no mass, per 
se, it appears to move as the blocks, which do have mass, are 
moved. Again referring to Fig. 3, if an electron were missing 
from one of its usual positions in the crystal lattice, a “hole’’ 
would exist. Under the proper conditions, an electron from an 
adjacent bond may fall into this hole. The hole, of course, 
then appears in the space vacated by the electron. Since the 
material shown in Fig. 3 was originally electrically neutral, 
when an electron is removed from this lattice, the area from 
which the electron was removed shows a net positive charge 

The question naturally arises as to the source of these holes 
and electrons. At sufficiently low temperatures, each electron 
in a semiconductor is bound to an atom. At a higher temper- 
ature a few of the electrons are released from the parent atom 
by thermal agitation and are free to wander through the 
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Fig. 2—In a metallic conductor, valence electrons are free to con- 
duct as shown in this diagram of a typical crystal structure. 


lattice in much the same fashion as electrons are released from 
gas atoms by ionization at extremely high temperatures. 
When an electron is removed from its normal place in a crystal 
structure by thermal agitation, it simultaneously leaves a hole 
in the crystal structure. 

Electrons can be injected into a semiconductor by the 
simple expedient of attaching an electrode to the semicon 
ductor and applying a negative voltage to this electrode. 
Somewhat more difficult to visualize, but the same process, 
holes can be injected into a semiconductor by attaching an 
electrode and applying a positive potential. A’ positively 
charged electrode possesses great affinity for electrons and 


attracts electrons in the vicinity of the electrode from their 
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Fig. 3—In an ideal semiconductor, valence electrons are in rela- 
tively fixed bonding positions, and are not free for conduction, 
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P-Type Intrinsic N-Type 
Fig. 4—When an arsenic atom is present in germani- S 
um, only four of its five valence electrons are used Conduction Band 


in bonding. The fifth is thus freed for conduction. 
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normal positions in the crystal lattice. Subtraction of elec 

trons amounts to the same thing as the addition of holes, as 
long as electrons injected from the other electrode do not 
replace those subtracted. Therefore, a positive electrode can 
be used to inject holes in a semiconductor. As will be seen, 
this ability to add or subtract holes from semiconductors 
explains much of their usefulness in practical devices, such 
as rectifiers. 

Holes in electrons can and normally do coexist in the same 
specimen of semiconductor. The number of each that exists 
at any time is governed by a mass-action law similar to that 
applying to chemical reactions. This is a case of dynamic 
equilibrium with electron-hole pairs being continually created 
by thermal agitation and destroyed by recombination. 


Effect of Impurities and Imperfections 

The considerations thus far have pertained to a pure semi- 
conductor. Such a material does not exist. All practical semi- 
conductors have quantities of several impurities. With im- 
purity concentrations greater than about 0.001 percent, the 
semiconductor loses its characteristic properties and behaves 
more like a metal. However, when the concentration of the 
impurity becomes very minute, the quantity and identity of 
the impurity determine, to a startlingly high degree, the 
properties of the semiconductor. For example, by extrapola- 
tion the specific resistivity of pure germanium has been 
determined as approximately 60 ohm-cm. The presence of as 
much as 10~* percent of an impurity may reduce the specific 
resistivity of the same germanium to less than 0.1 ohm-cm. 
Reference to F ig. 4 shows why this is so; here is depicted the 
presence of an arsenic atom in a germanium matrix. 

Notice that arsenic has five valence electrons. Four of these 
are used in building the arsenic into the crystal structure of 
the germanium. The remaining electron becomes free for 
conductive purposes. Since extremely few conduction elec- 
trons exist in germanium at room temperature, the addition 
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of even minute quantities of arsenic to germanium causes 
marked increases in conductivity. 

When arsenic is an impurity in germanium, many free 
electrons are available for conduction. If an electric field 
were applied to this impure germanium, the resulting conduc- 
tion would be due largely to electrons. Other elements having 
five valence electrons (such as phosphorous, antimony, and 
bismuth), when impurities in germanium, cause the same 
effect; these are called donor elements. Elements having only 
three valence electrons, when present as impurities in ger- 
manium, produce a deficiency of electrons—in other words, 
holes; these are called acceptor elements. Examples of these 
are aluminum, indium, and gallium. 

Semiconductors, whose principal current carriers are elec- 
trons, are known as n (for negative) type conductors. Those in 
which the principal mode of conduction is by holes are known 
as p (for positive) type conductors. A very minute difference 
in the quantity of impurity may change the mode of conduc- 
tion of a semiconductor from that of n-type to p-type or 
vice versa. 

The usual process of preparing semiconductor materials for 
device work is first to purify the material to the highest degree 
possible. This material is usually—although optimistically — 
called intrinsic material; more accurately, intrinsic means 100 
percent pure. A measured quantity of impurity is then added, 
just sufficient to produce the desired resistivity and conduc- 
tivity type. This process of adding impurities is called doping, 
and the resulting materials are called doped semiconductors. 

So far in this discussion of conductivity types, only prin- 
cipal current carriers have been mentioned. However, both 
types of carrier are present in a semiconductor even if it is 
predominantly - or p-type. In an n-type semiconductor, the 
electrons are called the majority carrier and the holes are 
called the minority carrier. The reverse is true for a p-type 
semiconductor 

Although holes and electrons can coexist in a given semi- 
conductor body, they eventually combine. The average time 
that a given free electron can exist in a semiconductor before 
combining with a hole is termed the lifetime of an electron. 
In many devices the useful lifetime of the minority carrier 
must be made as long as possible (several hundred micro- 
seconds, if feasible), since it is the change in minority carrier 
that alters the conductivity of the semiconductor. The sur- 
faces of a semiconductor crystal contain defects that tend to 
foster the recombination of holes and electrons. Since it is 
desirable that holes and electrons exist separately for as long 
a time as possible, it is apparent that the number of crystal 
surfaces should be reduced as much as possible. This is done 
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Fig. 5—Donor atoms provide electrons of much P-Type N-Type P-Type | N-Type 
higher energies than those in the intrinsic materi- T 
al, as shown in the n-type semiconductor. Acceptor eo @ @ e —) Ss ® oro oe 
atoms, on the other hand, provide energy levels for ic) ° 3 
electrons only slightly above those in the intrinsic @ ® @ bd r) ® ® ° 
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Fig. 6—When an n-type semiconductor is in close s e °¢ ® ® OF a 2 
contact with a p-type material, a net transfer of ® ®@ S O 3 
charge occurs. Electrons from the n-type material @ ° >} OD 
move to the p-type material until an energy bal- ® °o ° e @ o-- ° 
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tial barrier, producing the rectifying properties. 





































































by constructing semiconductor devices from single-crystal! 
material. Producing large single crystals of uniform prescribed 
resistivity is anything but an easy job (see p. 182). Herein lies 
one of the major stumbling blocks in the wider use of semi 

conductor devices. 

Faults in the semiconductor crystal also produce regions 
of high rate of recombination of holes and electrons. A high 
recombination rate produces a low lifetime of minority car- 
rier. Thus a usable semiconductor not only must be a single 
crystal, but also that crystal must be as structurally perfect 
as possible. Lifetime of the minority carrier is a measure of 
‘he rate of recombination and, therefore, also a measure of 
the rate of generation of hole-electron pairs. Thus if the 
minority carrier lifetime is low, generation of hole-electron 


pairs is high. 


The P-N Junction 

The simplest junction device is the p-n junction—a crystal- 
lographically continuous union of an » and Pp region of a semi- 
conductor. This has remarkable rectifying properties. 

Reconsider the bond structure in a doped semiconductor. 
When donor atoms are present in the crystal, they provide 
electrons of much higher energies than those in the unexcited 
intrinsic semiconductor. Thermal agitation of the crystal at 
all ordinary temperatures is sufficient to ionize these electrons 
and thus provide free electrons for conduction. These elec- 
trons are in the so-called conduction band. This band is a 
range of electron energies; the energy levels of electrons free 
for conduction fall within this band. When acceptor atoms 
are present, they provide energy levels for electrons that are 
slightly above those in the unexcited state of the pure semi- 
conductor. Consequently, thermal agitation of the crystal at 
all ordinary temperatures is sufficient to raise electrons from 
the unexcited state (or valence band) to the slightly higher 
impurity levels (see Fig. 5). 

Visualize what occurs when the conductivity type of a 
semiconductor changes abruptly within a single crystal. In 
two materials in close contact, whose average upper energy 
levels are different (see Fig. 6), electrons move from the region 
of high electron energy to that of low electron energy. This 
transfer of charge continues until the electrostatic energy of 
the dipole built up within the semiconductor just balances the 
former difference in average upper electron energies between 
the two types of semiconductors. This results in an electro- 
static potential barrier, which produces the rectifying proper- 
ties of an equilibrium p-n junction. 

As can be seen from Fig. 6, it is more difficult to move an 
electron by some external source from the p-type to the 
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n-type region than the converse. Visualize what happens 
when electrodes are attached such that the n-type region is 
made positive with respect to the p-type region (Fig. 7). The 
potential barrier is thus made much higher. The electrons 
present in the p-type region will have to climb this potential 
hill in order to carry current into the n-type region. This 
represents a high impedance to current attempting to flow in 
this direction. On the other hand, if the n-type region is made 
negative with respect to the p-type (lig. 8), the potential 
barrier is decreased and current flows much more easily. 


Advantages and Limitations 


Semiconductor devices can do almost anything that vacu- 
um tubes can do—amplify, rectify, oscillate, limit, count, 
etc.—more efficiently and in smaller space. Reliabilities are 
expected to exceed gre'tly those of vacuum tubes. Semicon- 
ductors are presently limited in frequency response and noise 





Fig. 7 —When electrodes are attached to the p- combination in 
the manner below, the potential barrier is merely increased. 
This represents high impedance to current in this direction. 
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Fig. 8—When the electrodes are connected as below, the 
potential barrier is decreased, permitting current to pass. 
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level, but improvements are being made continually in the 
directions of better design configurations, purer materials, 
and new circuitry. The problem of limitation on ambient 
operating temperature is being solved by the appearance of 
new devices perfectly stable to at least 150 degrees C. 
Technological difficulties continue to hinder the develop 


a purity of the order of 99.99999 percent is required. In addi- 
tion, nearly all new devices require the use of single crystal 
material, which is difficult to obtain. In many semiconducting 
devices precise control of geometries at the level of mils 
is required. 

However, great strides are being made in the solution of 


ment and manufacture of semiconductor devices. For one 
thing, semiconductors are extremely difficult to purify to the 
extent required for semiconductor devices. Most chemical 


purification procedures are considered successful if the result 


the problems, as a brief review of current literature shows. 
The theory and application of semiconductors, while yet in 
its infancy, promises minor revolutions in the communica- 
tions and power fields. On further development, such devices 


ing material is 99.9 percent pure. In a semiconductor device, will change our concepts of electronic equipments. 


Semiconductor Manufacture 
—Controlling the Infinitesimal 
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germanium that has but one part per 100 million of impurities 
Now that the material is ultra-pure, a small amount (about 
O.1 part per million) of an impurity is added to the material 
arsenic, for example, to make it n-type, or indium for p-type. 
Next comes the diflicult process of pulling a single, large crystal 
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piece of material, perhaps you can at least herd them all into one above). Such crystals are then sliced across the grain, either with 
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engineers make use of the fact that if you move a source of heat slice of the single crystal goes into a rectifier. 
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Joun L. Boyer 


Manager, Rectifier Development Section 
Transportation and Generator Division 
Westinghouse Electric Cor poration 
East Pittsburgh, Pennsylvania 


The burgeoning semiconductor 
art has produced a major new 
power device. It is the long- 
sought, efficient, high-capacity 
rectifier for low-voltage service. 


O" ASIONALLY in a field of industrial equipment a gap 
exists in the range of available ratings—a gap that 
cannot be adequately filled by known devices. Such has long 
been the case with power rectifiers. Above about 200 volts, 
ignitron rectitiers have been highly satisfactory and efficient; 
below about 50 volts the selenium rectifier has been an able 
performer. But in the intermediate voltage range no rectifier 
has had all the desirable characteristics—high efficiency, low 
maintenance, and long life. 

This gap has now been filled. Recent progress in semi 


conductor materials, namely, germanium and silicon, now 


make possible large-capacity power rectifiers in this middle 
voltage range. A typical germanium power rectifier is shown 
in the photograph above. The present state of the art makes 
possible germanium rectifiers up to about 6000 amperes per 
unit with d-c voltages up to about 65 volts. Higher currents 
can be obtained by operating rectifiers in parallel. Voltages 
up to about 130 volts can be achieved by operating two 
units in series, and higher voltages by putting more units in 


series, although there is an economic limit Rapid progress 








Fig. 1—An experimen- 
tal pool-cathode cesium 
rectifier. This tube has 
a rating of about 200 
amperes at 150 volts. 


Fig. 2—This circuit is 
typical of those used with 
mechanical rectifiers. 
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is being made in the semiconductor field, and present limits 
are not likely to exist for long. 


History of Low-Voltage Rectifiers 

The gas-tube rectifier has been widely applied to higher 
voltages but is not economical below about 200 volts because 
the arc drop of practical tubes is virtually independent of 
terminal voltage and becomes a high percentage of the d- 
voltage. For this reason ignitrons have not been applied be- 
low about 200 volts except in special cases. Considerable 
progress has been made in lowering the arc-drop of gas tubes 
to achieve high efficiency at low voltages. With mercury-ar¢ 
rectifiers such as ignitrons and thyratrons, arc drop has been 
reduced and good efficiency can be obtained at voltages 
above 250. However, below 200 volts the tube loss is consid- 
ered too large a percentage for power rectifiers. 

Other materials, such as cesium and potassium, have been 
used in experimental tubes. Both hot-cathode and_ pool 
cathode tubes using them have been made and tested in the 
laboratory. An experimental pool-cathode cesium tube with 
a current rating of about 200 amperes at 150 volts is shown 
in Fig. 1. The major advantage of the cesium tube is that low 
arc drops—between three and eight volts—can be obtained 
even at heavy current ratings. However, such tubes are very 
critical to operating temperatures and have low current rat 
ings for the size of the electrode areas. Tubes of this type 
do not now appear to have as many desirable characteristics 
as semiconductor rectifiers. 

The mechanical rectifier is old in principle, but consider 
able progress has been made in the last ten years. In this 
type rectifier, contact is made and broken mechanically each 
cycle to achieve rectification. Most of the progress has been 
in equipment to reduce the duty on the contacts, such as 
saturating reactors, which produce low current steps at the 
start and end of current conduction, and bypass low-drop 
tubes, which reduce arcing of the contacts. A typical circuit 
used for an experimental mechanical rectifier appears in 
Fig. 2. Various means for operating the contacts have been 
tried. The most satisfactory have been motor-driven and 
magnetic devices that close the contacts when current should 
be conducted and open them when the current has reached 


a low value. The contacts in a typical rectifier are closed by 
an electromagnet controlled by an auxiliary circuit that de- 
termines when the current conduction should start and end 
in each phase. Contacts are sealed in nitrogen at a pressure 
of five atmospheres to keep them clean and increase the 
open-circuit voltage they can support. 

Even with special circuit means to electrically protect 
them, wear of mechanical-rectifier contacts leads to high 
maintenance. Even if additional improvement is made in 
mechanical rectifiers, they probably will not have the wide 
application that semiconductor rectifiers are expected to have 
in a few years. 


Characteristics of Germanium Rectifiers 


Because of the tremendous possibilities of semiconductor 
power rectifiers, a major effort has been made to develop them. 
The result is a new group of semiconductor rectifiers, called 
Semitrons. A practical Semitron using germanium as the 
semiconductor is now an accomplished fact. 

The most important characteristic of the gesmanium recti- 
fier is its low forward drop even with high current densities. 
The germanium Semitron rectifier is designed to take advan- 
tage of this characteristic; note the heavy current conductors 
and outlets for the concentrated cooling in Fig. 4. 

Forward drop as a function of load current of a typical 
germanium Semitron is shown in Fig. 3. This Semitron has 


a rated load current of 200 amperes so that its forward drop 
is about 0.63 volt at rated load. 

When an inverse voltage is applied to a germanium rec- 
tifier, a small amount of inverse current flows. The amount 
of current is dependent on the inverse voltage and on the 
temperature of the germanium. The variation of the inverse 


current with load current for a constant inverse voltage of 
80 volts is shown in Fig. 3. The increase in inverse current 
with forward load current is due to the temperature rise of 
the germanium. The amount of inverse current that can be 
allowed determines the load that can be carried by the 


Fig. 4—A simplified sketch of the new water-cooled germanium Semitron. 


Fig. 3—Forward voltage drop and in- 
verse current as a function of load current. 
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Semitron. Since a small mass is involved, current rating is 
continuous and no overloads can be carried unless the base 
load is reduced. 

Fault currents of power rectifiers are usually high, so spe- 
cial consideration must be given to both the forward and 
reverse fault-current capabilities of Semitrons. The forward 
fault-current limit of a 200-ampere germanium Semitron is 
about 3000 amperes for 10 cycles. Higher current or longer 
times cause permanent damage to the rectifier. 

Fault current in the reverse direction through a germa- 
nium rectifier destroys the junction. Therefore, considerable 
care must be taken to see that the rated overvoltages are not 
exceeded for even a short time, and that germanium tem- 
perature is not allowed to go above about 65 degrees C, 


Development of the Semitron 

The heart of a germanium rectifier is a sandwich of five 
layers of material fused together (Fig. 5). Top and bottom 
layers are molybdenum, which has the same thermal expan- 
sion as germanium and has good heat conductivity. These 
layers provide strong stable support for the other layers dur- 
ing manufacture and provide good surfaces for attaching the 
electrical connections. The rectifying and center layer of the 
cell is a slice of germanium from a single crystal; this slice 
contains a small amount of impurity, which produces an ex- 
cess of electrons and makes the germanium n type.* The 
germanium is soldered to the bottom molybdenum layer with 
pure tin and to the top molybdenum layer with pure indium. 
The molybdenum-tin connection is ohmic, but the indium on 
the top surface forms a p-n junction by diffusing into the 
germanium and changing its upper surface from n to p~ type. 
The Semitron is a heavy current rectifier, so a germanium 
crystal of about one inch diameter is used. 

The crystal assembly is soldered to the copper base and 
flexible cable is soldered to the top molybdenum layer. The 
glass-Kovar seal is then placed over the assembly and the 
joints are welded vacuum tight. The Semitron is then evacu- 
ated and tested with a helium leak detector. After degassing 
the internal parts, a dry inert gas is sealed in the Semitron 


at a pressure of one atmosphere. 

The heavy-current germanium rectifier is designed for a 
life of many years. To prevent cell failures due to moisture 
and other impurities, rectifier elements are hermetically 
sealed; they are also designed so that the crystal is not sub- 


*For an explanation of m and p type semiconductors see p. 178 


SEPTEMBER, 1954 
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Fig. 5—At /eft, a germanium rectifier cell. Top 
layer is molybdenum, shiny layer is germanium. 
Above, a cutaway diagram showing all the layers. 


jected to damaging mechanical forces—either from thermal 
expansion or from outside forces. Because of germanium’s 
low operating temperature limit, the initial Semitron is 
water cooled, but the design is such that air cooling can be 
obtained with only minor modifications. Also, the rectifier 
is designed so that many units can be operated in parallel 
with relatively simple cooling systems 

Because of successful experience with glass-to-metal seals 
on tubes, this type of hermetic seal was chosen for germanium 
rectifiers. Early experience on small germanium diodes and 
transistors demonstrated the necessity of extremely good 
seals if long life is to be achieved. Moisture is one of the 
most deleterious impurities because it increases the reverse 
leakage current at the edge of the junction. 

Germanium Semilron Unils. Germanium Semitrons can be 
operated in power-rectifier circuits just as ignitron and sele- 
nium cells are. Since forward drop is very uniform in large 
germanium rectifiers, they can be operated in parallel without 
having to select the units. Semitrons can be operated in 





Fig. 6—A typical circuit for 
the germanium Semitron. 
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series by selecting units that have similar inverse-current 
characteristics, but usually rectifier units are designed so 
that a definite voltage is impressed on each rectifier cell 
Semitron rectifiers can be operated in parallel with other 
conversion equipment, suc h as ignitrons and m y sets 

\ typical circuit for a germanium Semitron rectifier rated 
1200 amperes at 45 volts is shown in Fig. 6. Rectifier cit 
cuits have been made using as many as eight germanium 


semitrons in parallel for each phase 


Fig. 7—At left, an ex- 
perimental air-cooled 
silicon Semitron rectifier. 
Finned section is the heat 
radiator. Above, germa- 
nium Semitron rectifiers 
undergo laboratory tests. 


Silicon Semitrons. Silicon is another semiconductor that 
offers great possibilities as a power rectifier. The major advan 
tage of silicon is that it can be operated up to temperatures 
of about 180 degrees C. Higher inverse-voltage ratings can 
be obtained than with germanium, but at present a higher for 
ward voltage drop—perhaps half a volt greater —seems likely 
with silicon. The development of silicon Semitrons has pro 
gressed to a point where experimental 200 ampere air-<« ooled 
tubes are being made and operated in the laboratory 

An air-cooled silicon Semitron is shown in Fig. 7. High 
velocity air is forced up through the radiator to take away 
the heat, which is due mainly to forward load current. These 
silicon Semitrons can also be operated in parallel with a 
common. air-cooled bus. Water-cooled silicon Semitrons 
can be used where there is a special reason that makes air 


cooling impossible or impractical. 
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Future of Semiconductor Rectifiers 

Germanium and silicon rectifiers will find extensive appli- 
cation in the field of low-voltage power rectification from 
about 9 volts to about 130 volts d-c in the near future. As 
progress is made, the upper voltage limit will undoubtedly 
be raised to about 400 volte in the next few years. 

At present the field of application of germanium rectifiers 
is in low-voltage electrochemical, electroplating, and some 
furnace supplies, and for low-voltage industrial power. 

When higher voltage silicon rec- 
tifiers are available, applications 
can be extended to medium- 
voltage electrochemical and to 
250-volt industrial service. Ger- 
manium rectifiers probably will 
always be desirable for very 
low-voltage electroplating, be- 
cause of their lower forward 
voltage drop. 

In the long-range future, in- 
numerable possibilities exist in 
the semiconductor field. For 
example, power transistors cap- 
able of carrying hundreds of 
amperes can probably be devel- 
oped, which may lead to power 
rectifiers made as transistors to 
control as well as rectify the 
output voltage. Other possibili- 
ties look equally promising. 

Because the possibilities of 
the new semiconductor rectifiers 
are so great, rapid progress is 
being made. The question of 
which germanium and _ silicon 
rectifiers should be put into 
production is difficult, because 
the designs become out of date 
before the units can be put into 
service. However, the excellent 
characteristics obtained in pro- 

duction units now indicate that semiconductor rectifiers will 
take over the medium-voltage field of rectification. The 
question then becomes one of how fast semiconductor rec- 
tifiers can be applied in other voltage fields. At the present 
rate of development, the semiconductor rectifier will soon 
find its way into many new applications. 


New Tools for the Materials Engineer 


\ common question facing engineers engaged in development 
or production of alloys is: Within close limits, what are the con- 
stituents of a given alloy? The new way is to do it with a fluor- 
escent x-ray spectrograph. A beam of x-rays is shot obliquely at 
a small wafer of the alloy. This produces secondary rays, each 
combination of wavelengths being characteristic of a particular 
element. The secondary-ray output is first separated by a grat- 
ing crystal and then scanned through a 180-degree arc with a 
Geiger counter. The angle of the secondary ray identifies the 
element; the intensity——its amount. The method is accurate to 
about 0.3 percent for components existing in quantities of 
more than 5 percent in an alloy. A test is made in about 30 
minutes. This method of analysis supplements the emission 
spectrograph, which is suitable for identification of small or 


trace amounts of alloy elements 
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Tearsforner Kueulélion 


... New Techniques ... New Materials 


No matter how well designed or constructed, no tool lives up to its fullest capabilities unless 


properly used. So it is with transformer insulation, where many advances have been made. 


W. L. TEAGUE and L. B. RADEMACHER 


Transformer Division, Westinghouse Electric Cor poration, Sharon, Pennsylvania 


rpruk tire of a transformer depends upon its insulation. 

Hence, the insulation design must have adequate margins 
for all voltage stress conditions that the transformer is ex- 
pected to withstand in its normal lifetime. Another factor is 
the range and duration of temperature to which the insulation 
is subjected. Mechanical considerations are also important. 
Transformer insulation must support the weight of the wind- 
ings, withstand shocks of shipping, and brace the windings 
against short-circuit stresses. Of these factors, the dielectric 
requirements present the greatest design problems, but ther- 
mal and mechanical requirements often dictate the arrange- 
ment of insulation and choice of materials. 

The best insulation design from the standpoint of electrical 
stresses would be to completely enclose the winding in solid 
insulation. Conversely, since solid dielectric materials usually 
have poor thermal conductivity, the best design for cooling 
would be to reduce solid insulation to a minimum, and expose 
winding surfaces to the insulation cooling liquid. The best 














mechanical design requires materials of great) mechanical 
strength, which often do not have the best dielectric proper 
ties. Hence, the insulation design, which is inherently com 
plicated, is made more difficult by the design practices neces- 
sary in arrangement and choice of materials to meet the ther 
mal and mechanical requirements 

In servic 2. elec tric al stresses 1n a transtormer are aused by 
the continuous dynamic voltage, short-time dynamic over 
voltages, switching surges, and impulse voltages due to light 
ning. In a properly protected electric-power system, impulse 
voltages have ceilings determined by the protective devices, 
such as lightning arresters. Standardized low-frequency and 
impulse tests enable verification of insulation levels in the 
factory for the various system-voltage requirements. These 
tests give the design level for the winding. After this design 
level is established, a most important problem is to determine 
the impulse-voltage distribution through the transformer 
winding. Voltage distribution is determined by the winding 


Fig. 1 —Simplified sketch of winding capacitances and inductances. 
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High-Voltage Winding 
Low-Voltage Winding 
































C,—Ground Capacitance 
C.—Through Capacitance 





Fig. 2—Plan view of a 
shell-form transformer, 
showing winding ar- 
rangements and their 
associated capacitances. 


Fig. 3 —Elevation view of 
a core-form transformer. Sula 
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Constants —Capacitances inductances, and resistances — whic! 


depend on design. Resistance, of course, is dependent on area 


and length of conductors: capacitance and inductance are 


determined by conductor size and length, number of turns 
and the physical relation of each conductor to other conduc- 
tors and ground. These relationships are shown in Figs. 1, 2, 
and 3 (p. 187 

The most important insulating materials used in liquid 
filled transformers are oil-impregnated paper, pressboard, and 
mineral oil. Since these basic materials are moderate in cost 
have excellent dielectric properties and are so reliable, few 
substitutes for them have been found. In dry-type trans 
formers, where operating temperatures are higher and the 
insulation is not immersed in oil, synthetic insulating mate 
rials are more applicable. Hence, the major developments in 
transformer insulation have consisted of improving voltage 
distribution, applying insulation in new ways, improving the 


present materials, and in using new materials 


Voltage Distribution 


Voltage gradients in transformers have been reduced by 
improving voltage distribution. Some improvements were 
accomplished by using winding arrangements that resulted in 
a more uniform voltage distribution through the winding, and 
others by developing means for controlling the dielectric field 
to avoid excessive voltage gradients 

Impulse testing has led to a better understanding of the 
reaction of windings to impulse voltages, and thus enabled 
improvement in voltage distribution. Basically, improving 
the voltage distribution in a transformer winding is a matter 
of increasing its capacitance through the winding, or of de- 
creasing the capacitance to ground. The distribution in wind 


ys for shell-form transformers, which is inherently good, 
was made still better by the use of static plates, wider coils, 
ind shorter groups. In core-form transformers similar meas- 
ires of using static plates, static rings, and arranging and 
proportioning the windings resulted in significant improve- 
ment in voltage distribution. These measures decrease the 
concentration of voltage stresses between turns, layers, and 
coil sections near the line ends of the windings, and also re 
duce the voltage stresses from oscillations in the interior of 


Fig. 4—A transformer with a high series capacitance winding. 


Fig. 5—A typical exam- 
ple of the Lowgrocap 
transformer winding. 


> 


Fig. 6—A Micarta insu- 
lating shaft between a 
tap changer and a 
grounded handwheel has 
bell-shaped static shields 
to relieve any stress con- 
centration at metal ends. 
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the windings. Two new winding arrangements known as the 
Hisercap' (high series capacitance) winding and the Lowgrocap 
low ground capacitance) winding, result in a greatly improved 
voltage distribution. In the Hisercap winding (Fig. 4) this is 
accomplished by interleaving the turns to give a large series 
capacitance through the winding as compared to the ground 
capacitance of the winding. The Hisercap winding is particu- 
larly applicable to core-form transformers of the higher volt- 
age classes, 92 kv and above. In the Lowgrocap winding (Fig. 
5) the ground capacitance is reduced to a low value with 
respect to the series capacitance, resulting in a voltage distri- 
bution that is almost perfect. This winding arrangement is 
applicable to multi-layer cylindrical core-form coils. 

Reducing the concentration of gradient at electrode edges 
to produces a more uniform electric field and hence a higher 
dielectric strength. This is a most effective method because it 
strives tomake every part of the insulation structure take stress 
in proportion to its strength. 

In a high-voltage, no-load tap changer, three different uses 
of this principle are made. The Micarta insulating shaft be- 
tween the tap changer and the grounded handwheel has bell- 
shaped static shields with rounded edges (Fig. 6) placed at 
each end to relieve stress concentration at the metal ends and 
to produce a uniform field along the length of the shaft. 
During the past year, the working gradients at the rounded 
edges of these shields were further increased by forming crepe 
paper around them to get the effect of changing from bare to 
insulated parts. The second use of the principle of increasing 
strength by field control is the contact points on the tap- 
changer board. The edges of the metal contact points are 
rounded and raised above the surface of the molded deck to 
get the effect of oil jump and eliminate the high creepage stress 
across the surface of the deck (Fig. 7). Another example is the 
use of large-diameter insulated leads from tap-changer points 
to windings to avoid the high stresses in the tape or oil that 
would occur with small leads. Where current-carrying re- 
quirements are small, an insulated cable with rope center and 
stranded copper periphery provides a larger diameter and 
resulting lower gradients. 

Another example of dielectric field control is the stepping 
back of line coils at the end of the coil groups for high-voltage 
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High-Voltage Winding Low-Voltage Winding 





shell-form transformers (Fig. 8). At the corner of coil groups, 
total stress is a combination of that resulting from coil-to-coil 
voltage and coil-to-ground voltage. Stepping the static plate 
and line coils back slightly produces a rounded effect, rather 
than square corners, at the end of the coil stack; by this 
method, the concentration of stress in a vital portion of the 
insulation structure is decreased 

An excellent way to eliminate high dielectric-stress con- 
centration at an electrode is to surround it snugly with an 
insulating material of higher dielectric constant than is used 
in the more uniform portions of the field. For ideal conditions, 
the dielectric constant should be such as to cause the maxi- 
mum gradients in the insulating materials used to be propor- 
tional to their strengths. An example of this is the corner 
channels used around shell-form coils. These were recently 
modified to use crimped pressboard. The new channels are 
more flexible and can be fitted more closely to the coils; this 
results in a stronger insulation structure. In many applica- 
tions, such as for insulation on leads, static plates and rings, 
and the coils of high-voltage instrument transformers, crepe 
paper is used to control the dielectric field. Because of the 
elasticity of crepe paper, it fits closely to the electrode, re 
duces voids, and produces consistent characteristics 


Insulation Arrangement 


To obtain the maximum impulse strength in a transformer 
winding, insulating barriers should be placed perpendicular 
to the lines of stress or parallel to equipotential surfaces.’ 
Although practical problems are often encountered in apply 
ing this fundamental principle, numerous improvements have 
been made in insulation arrangement to conform more closely 
to it. In core-form transformers, the insulation between 
windings and between windings and ground is interleaved 
with angles to approach the equipotential surfaces. In shell- 
form transformers, the windings are boxed in with pressboard 
sheets, channels, and angles (Fig. 9) in high-stressed areas so 
that stress lines are perpendicular to insulating sheets, to 
avoid the tendency of the high voltage to creep along the 
sheets. These principles are also followed in designing pressure 
plate insulation, boxing in leads, and in locating barriers 
around high-voltage parts. 





Fig. 7 —These show field control effected by raising the metal 
contacts of a tap changer above the surface of the molded deck. 
Fig. 8—A simplified sketch showing dielectric field control by stepping back coils. 
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Static Plote~. 


Pressboor@ Sheets 


Fig. 9—A cross section of a shell-form transformer 
through one coil group, showing coil arrangement. 


lo get more insulation in the highly stressed ducts between 


coil sections and still keep the through capacitance large to 
avoid poor voltage distribution in the winding, dished coils 


(Fig. 9) are used. This arrangement allows greater insulation 
between the two coil edges having greatest potential differ 
ence, while the edges at the same potential have a minimum 
insulation. In this way, the impulse strength between coils is 
increased without a resultant increase in impulse stress due 
to a poorer voltage distribution in the winding. 

Another example of improved design is high-voltage oil 
impregnated instrument transformers. Similar construction 
is used in both current and potential transformers for voltages 
of 69 kv and above. The high-voltage coils of current trans 
formers are heavily taped with crepe paper to get solid 
insulation, rather than oil, in intimate contact with the coil; 
this reduces the gradient at the edges because of the high 
dielectric constant of the tape. The tape serves as insulation 
between coil sections and, in combination with pressboard, as 
insulation to the low-voltage winding and ground. Another 
feature is the combination of the bushing with insulation to 
ground. The bushing insulation is largely crepe paper en 
closed in a porcelain shell. To reduce the gradient in the crepe 
paper, a smooth metal tube of proper radius is placed over 
the line leads. Then a specially shaped shield taped with crepe 
paper is placed next to ground at the bushing flange. The 
crepe paper that forms the bushing insulation is interleaved 
with that on the coils to be continuous with the ground in 
sulation. In this way, high-voltage coils form the high-voltage 
element and are roughly spherical, much like a bushing ball; 
this avoids sharp points that result in concentration of voltage 
stresses. The complete transformer and case is only slightly 
larger than an ordinary bushing of equivalent rating placed 
in a tank of oil. The shields can be shaped, the radii of the 
edves and the lead tube sele ted, and the insulation arranged 
so that all parts of the insulation take their share of the load 


Insulating Materials 


Improvements are continually being made in the basic 
insulating materials. Average power factor of pressboard has 
been decreased more than 25 percent by careful study of the 
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problem and resultant process changes to effect better control. 
Crepe paper now has a crimp that makes the tape more uni- 
form, especially on curved surfaces, less spongy, and hence 
more consistent in dielectric strength. A paper treated with 
thermosetting varnish is used for turn-to-turn and layer-to- 
layer insulation. As turn insulation, it gives a rugged, strong 
coil without a varnish dip. As layer insulation, it holds each 
wire in place in the layer. Varnishes have been developed that 
have better oil resistance. Wire enamel has been developed 
with twice the scrape abrasion resistance of the older enamel. 
Because of this enamel, in many applications paper tape is 
no longer required as an insurance against bare spots. This 
wire also gives a better space factor and smaller windings.. 

The quality of transformer oil—i.e., its dielectric strength 
and power factor—has been improved by a more systematic 
and rigid testing program and extra care in handling and 
storing. Each shipment of oil is checked for dielectric 
strength, power factor, and other qualities before the oil is 
placed in storage tanks. Dielectric strength of oil in tanks is 
checked every day; power factor, as well as other character- 
istics, is checked weekly. Inhibited oil is now generally used 
in distribution transformers to minimize deterioration. Iner- 
teen has been improved by the addition of a scavenger, 
which improves its arc-resistance properties. 

Molded insulations from thermosetting plastics have been 
improved. Examples are molded cleats for use in reactors and 
molded no-load tap-changer decks. Through better processes, 
voids are eliminated and insulating parts with more depend 
able mechanical and electrical strengths are obtained. The 
characteristics of laminated plastics have also been improved 
Power factor of Micarta boards has been cut in half through 
better control of moisture, use of a new, low power-factor 
resin, and production power-factor measurements. Micarta 
tubes, such as those used for tap-changer shafts, are cured 
under pressure to eliminate air films and to obtain increased 
and consistent creepage strength. In some cases this permits 
shortening the shaft, and thus the overall transformer height 

Better methods and control in drying, impregnating, and 
vacuum filling have increased and made more consistent the 
dielectric strength of cellulose and oil insulation. More rigid 
and systematic use of resistance and power-factor tests has 
been effective in controlling the quality of drying. Large trans- 
formers are dried in their own tanks by forced circulation of 
hot air through them. This process allows the unit to be cov- 
ered with oil in minimum time. The impregnation and filling 
of instrument transformers with gum by alternate pressure 
and vacuum cycles* has been effective in eliminating trapped 
air, thus assuring consistent dielectric strength. 

The insulation for outlet condenser bushings now uses a 
low-loss, high-dielectric-strength paper thoroughly impreg- 
nated in oil. Both the upper and lower ends are enclosed in 
porcelain. The bushing is filled by an elaborate process with 
degassed oil and is then sealed. The insulation in this bushing 
meets the exacting triple requirement of good mechanical 
strength, low thermal gradients, and high dielectric strength 
with very little maintenance in service. 

A number of newly developed insulating materials, and new 
applications of older materials, have been used in dry-type 
transformers. Some have also been applied in oil-insulated 
transiormers 

Polyvinylchloride insulated wire is being used for control- 
circuit wiring, largely because it is pliable down to minus 40 
degrees C, and has high scrape-abrasion resistance. Other ad- 
vantages are high dielectric strength, thermal stability, and 
the fact that it can be used in air or oil. A similar material is 
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an extruded tubing, used on leads of distribution transformers 
This has 25 percent greater dielectric strength than the pre 
vious material. 

Polyester glass materials made from glass-fabric laminates 
or from glass mat are now used for duct spacers, terminal 
boards, and filler materials in air-insulated transformers. A 
recent application of polyester glass laminate is a molded shell 
to insulate the winding of an air-insulated, ring-type current 
transformer from the core, and to serve as a cushion pad on 
which to wind the enamel wire. Mylar, a polyester film, has 
been used in small amounts for insulating a thermostat in a 
load-indicating device. Fosterite, a polyester resin introduced 
during the last war, is used to encase small specialty trans- 
formers. The moisture resistance of Fosterite makes it espe- 
cially suited for this type of equipment, and eliminates can- 
type enclosures and bushing seals. 

Silicone insulating materials are being applied to air-insu- 
lated transformers in increasing amounts. These materials in- 
clude silicone varnishes and paints, silicone-treated glass cloth 
and tubes, silicone-treated asbestos, glass-silicone laminates, 
and silicone-bonded mica sheet. The favorable characteristics 
of these materials are their thermal stability, moisture resist- 
ance and good electrical properties. At present their apparent 
disadvantages are cost, high curing temperatures, and in- 
volved curing processes. Wider usage will likely overcome 
these disadvantages. 

An example of the use of silicone insulating materials is the 
relatively new sealed dry-type transformer (Fig. 10). The dis- 
advantages of silicone are offset by the high degree of safety 
in transformer operation, and extremely low maintenance 
costs. Since the high-temperature insulating materials used in 
this transformer are air, porcelain, glass, and silicone, it will 
give satisfactory service at winding temperatures in the order 
of 200 degrees C. The conductor insulation is glass fibers 
treated with silicone varnish. The insulating tubes for the 
windings are made of glass cloth treated with silicone varnish 
The core-and-coil assemblies of these units are coated with 
silicone varnish. Since the sealed dry-type transformer was 
developed, more than 200 units in ratings of 100 to 1500 kva 
and voltages up to 15 kv have been placed in operation. 

Silicone-impregnated materials are also used in dry-type 
distribution and instrument transformers, and small aircraft 
transformers. In general, silicone glass or silicone mica is used. 
In some applications, use is made of silicone-impregnated 
asbestos sheets or boards. By using a silicone laminated-glass 
tube in a through-type current transformer and dipping the 
core and coil in silicone varnish, the current transformer is 
suitable for outdoor applications. 


Summary and Trends 


For oil-insulated transformers, the greatest progress in in- 
sulation has been in arrangement of insulation and improving 
the quality of proved existing materials; only a few new ma- 
terials have been added. Paper and pressboard used in mineral! 
oil are so satisfactory that no moderate-cost substitutes with 
better properties have been found. 

In dry-type apparatus, which is inherently for low-voltage 
applications, many improvements have resulted from the use 
of new materials with high thermal] stability and good die- 
lectric properties. These materials have also enabled reduc- 
tion in size and weight of dry-type transformers and an in- 
crease in the thermal operating range. At present, full utiliza- 
tion of synthetic materials is not possible because of the rela 
tively high cost and high processing temperatures. 

Tests indicate that a practical vapor-insulated and vapor- 
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cooled transformer is possible by making use of high-molecu 


lar-weight fluorocarbons. These liquids are chemically inert 
and thermally stable. This scheme involves the use of the heat 
of vaporization of the liquids for cooling and the dielectric 
strength of the vapors for insulation. Such a transformer 
would combine many of the advantages of liquid immersed 
and dry-type transformers 

As transformer insulation, system design, and protective 
equipment have been improved, there has been a trend toward 
lower than standard insulation levels that may affect the in 
sulation of transformers. For many years on solidly grounded 
systems, 138 kv and above, transformers with insulation one 
class lower than standard have been successfully used. This 
experience led to investigations’ that showed that, on high 
voltage well-grounded systems with 75-percent lightning ar 
resters, insulation levels can be reduced to one and one half 
voltage classes lower than standard. These reduced levels 
have been used in systems 230 kv and above. There is some 
tendency to reduce the insulation levels to still lower values. 
Should this come about, other factors, such as the continuous 
normal low-frequency voltage, abnormal dynamic voltages, 
switching surges, and radio-influence effects may require spe 
cial consideration in the insulation of transformers 
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Fig. 10—A sealed dry-type transformer with silicone insulation. 
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NEW 


Transistorized Power-Line 
Carrier 


RANSISTORS are invading the power 
line carrier field, Completely transis 
torized carrier equipment is now being 
tested by Westinghouse on Potomac Edi 
son’s system. The equipment is designed 
for telegraphic functions, such as relaying 
and telemetering. The transmitter con 
sists of a master oscillator, buffer am 
plifier, and output amplifier; the receiver 
has high-frequency amplifier, detector, 
and relay-operating stages. Both point 
contact and junction transistors are used 
Expected advantages, in addition to com 
pact design, are long trouble-free life, and 
elimination of the need for filament-heat 
ing power. Additional assemblies for voice 
communication and other uses are to be 
tested in the near future. However, com 
mercial models of transistorized carrier 
equipment will not be made until test 
results have been fully evaluated 


A Leak-Tight High-Vacuum 

Valve 

R' SEARCH at the extremes of phy sical 
conditions brings problems that are 

never thought of in ordinary technical 


practice. For example, what does one use 


for vacuum valves at pressures as low as 
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10°” millimeters of mercury? Each time 
the ordinary ground-glass stopcock is 
opened and closed, the grease used in it 
may give off thousands of times more gas 
molecules than are originally present in 
the entire system. In ultrahigh vacuum 
systems, it is necessary to eliminate all 
such lubricants and to obtain a valve that 
can be degassed at high temperatures 

The new valve consists of a heavy cup 
of copper with a one-fourth-inch diameter 
hole in the center. Silver-brazed to this 
cup is a thin, flexible diaphragm contain 
ing a plunger of Kovar. The nose of this 
plunger is chamfered and highly polishe d, 
and when forced in by a screw forms a 
seat in the copper cup, thus closing it. 
Because the hard metal shapes the copper 
seat to its own contour, it makes a molec 
ularly tight enclosure. Since the all-metal 
vaive can be degassed at temperatures as 
high as 450 degrees C, the amount of gas 
given off upon opening and closing it is 
less than 1000th as much as that given 
off by old-fashioned stopcock : 


Harder Gears for Big 
Ships 


MAJOR STEP has been achieved in the 
A hardness of the rims of the big gear 
wheels used on heavily powered vessels 
High hardness can be obtained on smaller 
wheels, but vessels like the U.S. S. For 
restal require bull gears with single-piece 
forged rims more than 13 feet across and 
built-up centers. Such wheels are fabri 
cated by arc welding and then stress re 
lieved, which reduces hardness. 

New techniques, using low-hydrogen 
electrodes, which give sound welds with 
molybdenum-vanadium steel, have re 
sulted in hardness of tooth surface be 


tween 223 and 269 Brinell—mostly the 


upper figure—which is well above the 
usual range of 160 to 190. It is believed 
that still higher hardnesses can be ob- 
tained after further development. 


A Precision, Radio-Shielded 
Laboratory 


ADIO WAVES are insidious. To build a 
R room that shuts them out entirely 
borders on the impossible. To build a 
shielded room for radio-influence testing 
in which outside radio frequencies are cut 
down by one half or two thirds is com 
paratively easy. A few rolls of screen wire, 
a little care, and a few hundred dollars 
will achieve that. But to reduce outside 
signals to, say, one percent calls for a pre- 
cision-built laboratory and about $10 000 

Such a room has been provided the 
East Pittsburgh laboratories. It is 20 feet 
by 16 feet by 9 feet high. It has a double 
wall, with heavy, sliding-contact doors 
Because it is virtually air tight, air con 
ditioning is essential. The air ducts have 
carefully designed baffles to filter out un 
wanted frequencies. It is even necessary 
to avoid tacks and nails, because the 
points become antennas to carry signals 
through the screen into the room. 

With the advent of television and the 
stiffening regulations of the Federal Com 
munications Commission, electrical ap 
paratus of all kinds must be more care 
fully designed not to produce interfering 
signals. This room will help to that end 


Longer life, additional cooling, and 
stronger construction are features of a neu 
series of Life-Line loom motors. Finned 
cast-iron end brackets increase strength and 
reduce motor temperature. Oversized bear 
ings and a special grease give longer life 
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sonality Peoples 


For a man but four years out of college, 
T. R. Lawson, Jr., has had a diversified 
career. After graduating from the Uni 
versity of Buffalo in 1950 with a B. A. in 
chemistry, Lawson worked for a time in 
the quality control laboratory of an auto 
mobile manufacturer. Next, he joined an 
electrical concern, where he _ helped 
develop finishes. 

Lawson came to Westinghouse in 1952 
as a member of the Semiconductor De 
velopment Section of Materials Engineer 
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ing. Here he is concerned with the fabrica 
tion of experimental semiconductor de 
vices. At first glance this may seem an 
unusual spot for a chemist, but in reality 
a major portion of semiconductor work 
has been in solving materials problems. 

For his recreation, Lawson ‘“‘tinkers 
around” in a fairly complete electronics 
lab in the basement of his home. He also 
takes an active part in several choral 
groups, one of which he conducts. The 
musical interest covers a wide scope; he is 
a member of a small group of spare-time 
jazz musicians, who gather at irregular 
intervals for “jam sessions.” Last year he 
and another electronically inclined musi 
cian recorded a number from the session 
on a tape recorder; then the group re 
recorded on top of the original piece with 
the members doubling on a second instru 
ment. Opinions vary as to the result. 
Lawson is relatively noncommittal; ‘It 
was an interesting experiment” is the 
most you can extract from him. 


Charles H. Weaver is a young man (40) 
in a big job—manager of the Westing 
house Atomic Power Division. But his 
direction of one of the toughest engineer 
ing projects thus far in the atomic age 
should leave little doubt that age is no 
criteria by which to judge accomplishment. 

Weaver’s rise in the Westinghouse 
Corporation has been rapid. An electrical 
engineering graduate of the University of 
Pennsylvania in 1936, he spent two years 
on the Graduate Student Course, then 
joined the sales department of the Trans 
portation and Generator Division. After 
two years here he transferred to the 
marine section as a sales engineer, became 
section manager in 1943, and later the 
same year was appointed manager of the 





marine department. By 1945 his activity 
included the combined marine and avia 
tion sales departments. Three years later 
he became industrial manager of the 
central sales district of the Company and 
in 1948 assumed his present position. 

Such rapid movement upward is ob 
viously based on firm foundation, Weaver 
is aggressive, an able administrator, and 
is equally at home with the problems of 
private industry or those of government 
industry relations. 

In his position, decision-making con 
stitutes a major part of his efforts. 
Perhaps in this Weaver displays another 
reason for his rapid success; though his 
schedule is always overloaded, Weaver 
sits quietly listening to both sides of 
a question, interrupting only to have a 
point clarified, or to get the discussion 
back on the track, which he does with 
great facility. When the facts are in, 
Weaver has his decision ready, along with 
sound supporting reasons. No vacillating, 
no jumping to conclusions. 


Dr. William E. Shoupp has the rare 
facility of being able to talk nuclear 
physics on equal terms with either fellow 
physicists or high-school students. And 
he does either with great skill. This 
ability comes naturally to Shoupp; but 
it likely was enhanced by the six years 
he spent as a graduate assistant and 
physics instructor at the University of 
Illinois. A physics graduate of Miami Uni 
versity of Ohio, he obtained his M.A. 
(1933) and Ph.D. (1937) at Illinois. 

Shoupp has been an avid atom research 
er since his graduate school days. Shortly 
after he joined Westinghouse as a Re 
search Fellow in 1938, he was placed in 
charge of the newly completed Van de 
Graaff generator. While experimenting 
here he and several of his co-workers dis 
covered photo-fission. In 1941 he became 
a research scientist, and two years later 
was appointed manager of the electronics 
department of the Research Laboratories. 
This activity broadened to include all 
nuclear physics work. 

During World War II, Shoupp shuttled 
between work on the atom-bomb project 
and on radar; in both fields he made 
notable contributions. After the war he 
returned to basic research with the 
Westinghouse atom smasher. But in 1948, 
when the Atomic Power Division was 
formed, Shoupp was chosen as its director 
of research. Here he has played a prom 
inent part in the development of the 
nuclear-power plant for the Nautilus. 

At present the Atomic Power Division 
is up to its neck in the development of 


the nation’s first central-station nuclear 
power plant. Judging from past perform 
ances, Shoupp, now assistant manager In 
charge of development, will play an im 


portant role in its progress 
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Thirty-two years ago W. L. Teague 
got a leave of absence from the University 
of Arkansas, where he had been teaching, 
to come to Westinghouse to acquire some 
industrial experience. He’s still here 
And he’s still acquiring that experience 
he was seeking. Fortunately, Teague is 
as able at teaching as he is at absorbing 
knowledge: he has a well-deserved reputa 
tion among transformer engineers for his 
helpfulness and willingness to lend a hand 
with knotty technical problems 

An electrical-engineering graduate of 
the University of Arkansas 
to Westinghouse in 1922 as an oscillo 
graph operator in the Materials and Proc 


league came 


ess Engineering Department in East 
Pittsburgh. In 1923 he transferred to 
Transformer Engineering, and has ince 
been closely associated with many de 
velopment n the power-transformer 
field, particularly high-voltage insulation 

Teague, now manager of the Insulation 
Development Section, has been a particu 
larly active participant in AIEEE affairs, 
having served on a number of committee 
and written many technical paper 

The coauthor of the insulation article 
is LL. B. Rademacher,an et 
gue’s supervision. Larry is an electrical 
graduate of Illinois Institute 


gineer under Tea 

engineer 

| 

5 
x 

Se 9, 


fi 


( 

( 
Ye. 
IN’ 


/ 


P 4 


of Technology, class of 1943 After a 
short stint on the Graduate Student 


Course, Rademacher was assigned to the 
wartime ordnance engineering ection, 
where he devoted his efforts to develop 
ment work on various torpedo design 

With the end of the war Rademacher 
moved over to the more pe aceful activity 
of the Insulation Development Section 
Here he tackled many varieties of insula 
tion problen We should also mention 
that Teague’ 


be contagiou 


educational leanings may 

Rademacher not only 
attends several night course 
by the Company, but also teaches elec 
trical engineering in Youngstown College 
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